^  copy 


UNITED  STATES  ARMY  EUROPEAN  RESEARCH  OFFICE 


in 

00 

o 

CM 


<C 

I 

Q 


FINAL  REPORT 
(May  -  July,  1988) 


Professor  J.  Jortner 
Tel  Aviv  University 
Israel 


Contract  No.:  0AJA45-85-C-0008 


DTIC 


ELECTED 

DEC  2  719881 


4 


PKtTKlBlmOw  statement  A 

Altered  for  public  ralaoM; 
Dtalilbuaov  UnlimltaH 

“  ■  - - -  - 


rnmmmmmtfmrnmm 


A7  ^ 


Unclassified 


SECURITYCLASSIFICATION  OF  THIS  PAGE 


REPORT  DOCUMENTATION  PAGE 


la.  REPORT  SECURITY  CLASSIFICATION 

Unclassified 


2a.  SECURITY  CLASSIFICATION  AUTHORITY 


2b.  DECLASSIFICATION /DOWNGRADING  SCHEDULE 


Form  Approvtd 
0MB  No  0704  0188 
C*p  Dare  Jun30,  1986 


1b.  RESTRICTIVE  MARKINGS 


3.  DISTRIBUTION /AVAILABILITY  OF  REPORT 

Approved  for  public  release; 
distribution  unlimited 


4.  PERFORMING  ORGANIZATION  REPORT  NUMBERCS) 


6a.  NAME  OF  PERFORMING  ORGANIZATION 

Tel  Aviv  University 


6c.  ADDRESS  (Cty,  State,  and  ZIBCodt) 

Ramat  Aviv  69978 
Tel  Aviv 
Israel 


8a.  NAME  OF  FUNDING /SPONSORING 
ORGANIZATION 

USARDSG(UK) 


8c.  ADDRESS  (C/ty,  artd  ZIP  Code) 

Box  65 

FPO  New  York  09510-1500 


11.  TITLE  Ondude  S«<urity  CUtsification) 


8b.  OFFICE  SYMBOL 
Of  applicabla) 

AMXSN-UK-RC 


S.  MONITORING  ORGANIZATION  REPORT  NUMBER(S) 

R&D  4759-CH-01 


7a.  NAME  OF  MONITORING  ORGANIZATION 

USARDSG(UK) 


7b.  ADDRESS  (City,  State,  and  ZIP  Coda) 

Box  65 

FPO  New  York  09510-1500 


9.  PROCUREMENT  INSTRUMENT  IDENTIFICATION  NUMBER 

DAJA45-85-C-0008 


10.  SOURCE  OF  FUNDING  NUMBERS 


PROGRAM 
ELEMENT  NO. 


PROJECT 

NO. 


61103A  1L161103BH 


(U)  Excited  State  Energetics  and  Dynamics  of  Large  Molecules,  Complexes  and  Clusters 


12.  PERSONAL  AUTHOR(S) 

J.  Jortner 


13a.  TYPE  OF  REPORT 

Final 


13b  TIME  COVERED  114  DATE  OF  REPORT  (Year,  Month,  Day)  IIS.  PAGE  COUNT 

FROM  May  85  to  Jul  88  I  1988,  July  |  13 


COSATI  CODES 


GROUP  SUB-GROUP 


04 


18.  SUBJECT  TERMS  (Continue  on  reverse  if  necessary  and  identify  by  bfock  number) 


19.  ABSTRACT  (Continue  on  reverse  if  necessary  and  identify  by  btock  number) 

New  techniques  for  spectroscopy  in  supersonic  expansions  and  in  the  development  of 
specific  supersonic  sources  were  developed,  including  vacuum  ultraviolet  absorption 
spectroscopy  in  supersonic  expansions,  development  of  conical  nozzles  for  supersonic 
jets  and  pulse  extraction  mass  spectrometer.  Research included  studies  of 
energetics  of  rydberg  states  of  jet-cooled  molecules,  rydberg  states  of  anthracene, 
intramolecular  relaxation  of  rydberg  states  and  interference  effects  between  extravalence 
and  intravalence  molecular  excitations.  The  rotational  state  dependence  of 
intramolecular  dynamics  was  investigated/  as  well  as  the  coupling  between  intrastate 
vibrational  energy  redistribution  and  interstate  electronic  relaxation  and  the  coriolis 
rotation-vibration  coupling  and  intramolecular  dynamics.  Mediated  i^r^^^system  crossing 
phenomenology,  inverse  isotope  effects  and  microscopic  level  sh if ts^jwas^ explored. 

Studies  of  fluorescence  quantum  yields  for  highly-excited  states  of  large  molecules  and  n 

CONTINUED  OVER 


ZO^ISTRIBUTION  /  AVAILABILITY  ^  ABSTRACT 
BuNCLASSIFIEDAJNLIMITED  O  same  as  RPT.  ^j^OTIC  USERS 


22a.  NAME  OF  RESPONSIBLE  INDIVIDUAL 

Dr.  Robert  J.  Campbell 


00  FORM  1 473, 84  MAR  83  APR  adition  may  b«  usad  until  axhautted 

All  othar  aditiont  ara  obiolata. 


21  ABSTRACT  SECURITY  CLASSIFICATION 

Unci  ass i fed  _ 


22b  TELEPHONE  (Includa  Araa  Coda)  22c  OFFICE  SYMBOL 

01-409  4423  AMXSN-UK-RC 


security  CLASSIFICATION  OF  THIS  PAGE 

Unclassified 


BLOOK-19  CONTINUED 


•^photoisomerization  dynamics  of  selected  molecules  were  conducted,  including  an 

examination  of  energy-resolved  photoisomerization  rates  and  excited  state  energetics 
of  van  der  Waals  complexes  and  porphyrins.  Large  van  der  Waals  complexes  consisting 
of  rare-gas  (R)  and  atom(s)  bound  to  a  large  aromatic  molecule  studied  by 

fluorescence  excitation  and  by  two-photon,  two-color  spectroscopy  in  conjunction  with 
mass-resolved  detection.  Information  on  the  coupling  between  intramolecular  and 
intermolecular  nuclear  motion  in  complexes  was  obtained.  -The  ^alogies  between  the 
characteristics  of  large  van  der  Waals  ‘Hr^i^complexes  and\R  atoms  on  graphite  surfaces 
were  explored,  focusing  on  structure,  packing,  orientational  registry  effects 
and  the  nuclear  motion  of  R  adsorbates  on  finite  microsurfaces.  A  theoretical  study 
of  the  structure,  energetics  and  dynamics  of  an  excess  ^ectron  interacting  with  an 
alkali-halide  cluster  has  been  provided.  Further  studies  involved  an  exploration  of 
vibrational  predissociation  induced  by  exciton  trappiM  in  rare-gas  clusters  and  an 
investigation  of'  nonreactive  and  reactive  excited-st^e  dynamics  in  mixed  rare-gas 
clusters.  / 
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6.  PROGRESS  IN  TECHNICAL  APPROACH 

New  techniques  for  spectroscopy  In  supersonic  expansions 
and  in  the  development  of  specific  supersonic  sources  were 
developed. 


6. A  Vacuum  Ultraviolet  Absorption  Spectroscopy  in  Supersonic 

Expansions.  We  have  combined  the  techniques  of  vacuum  ultra- 
violet  (VUV)  st)ectroscopy  together  with  planar  supersonic 
jets,  which  allows  for  the  interrogation  of  absorption  spectra 
of  large  molecules  cooled  in  supersonic  expansions  in  the  near 
VUV  region.  The  experimental  setup  consists  of  a  high  pres¬ 
sure  Xe  lamp,  CaFg  optics,  a  vacuum  ultraviolet  spectrograph 
and  a  nozzle  slit  (0.27x90  mm,  repetition  rate  9  Hz  and  gas 
pulse  duration  300  usee).  The  characteristics  of  this  spectro¬ 
scopic  setup  are:  (i)  Energy  range  6-10  eV.  (ii)  Spectral 
resolution  0.1  A.  (iii)  Routine  measurements  of  high-energy 
absorption  spectra,  (iv)  Interrogation  of  fluorescence  excita¬ 
tion  spectra  of  the  parent  molecule  or  its  photoproducts  with 
limiting  quantum  yields  of  Y  i  10"**. 


6.B  Development  of  Conical  Nozzles  for  Supersonic  Jets.  Conical 
nozzles  (nozzle  opening  angle  e  »  30°,  and  nozzle  diameter 
D  =  0.3  mm)  were  constructed  and  used  in  conjunction  with  a 
magnetic  pulsed  valve.  The  use  of  conical  nozzles  considerably 
enhances  clustering  in  supersonic  expansions,  facilitating 
studies  of  large  van  der  Waals  complexes  and  clusters. 


6.C  Pulse  Extraction  Mass  Spectrometer.  This  setup  is  characterized 
by  a  mass  resolution  of  Am/m  =  10  *  and  allows  for  the  measure¬ 
ments  of  high  ion  masses  up  to  m  =  2000  in  supersonic  jets.  The 
ions  of  large  molecules  and  of  large  clusters,  e.g.,  tetracene*Ar^p, 
are  produced  by  two-photon  two-color  ionization. 


7.  ACCOMPLISHMENTS  OF  OBJECTIVES 

7. A  Energetics  of  Rydberg  States  of  Jet-Cooled  Molecules.  VUV 
absorption  spectra  or  benzene,  benzene-Dg  and  naphtha 1 ene 
cooled  in  planar  supersonic  expansions  were  measured  over  the 
range  2000-1600  A,  providing  evidence  on  energetics,  line 
broadening  and  interference  effects. 
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7.B  Rydberg  States  of  Anthracene.  Several  Rydberg  transitions 

of  jet-cooled  anthracene  were  observed  tn  the  spectral  region 
1900-2000  A.  These  l^ydbergs  are  supertn^osed  on  a  broad 
"background"  of  transitions.  Up  to  novr  no  fluorescence 
from  Rydberg  states  of  polyatomic  molecules  has  been  reported. 

The  1997  A  n=3  Rydberg  of  anthracene  reveals  fluorescence 
with  a  quantum  yield  of  %  5%.  ,  This  fluorescence  originates 
from  internal  conversion  R  'v/w  Sj  followed  by  Si  — ►  Sq  emission, 
as  documented  by  the  spectral  distribution  of  the  dispersed 
fluorescence. 


7.C  Intramolecular  Relaxation  of  Rydberg  States.  Information  on 
intramolecular  dynamics  of  extravalence  excitations  of  benzene 
was  obtained  from  lineshape  analysis.  The  lineshape  of  the 
^PxyCO)  Rydberg  is  Lorentzian,  whose  homogeneous  width  result 
in  the  lifetime  t  *  0.19±0.02  psec  for  and  t  «  0.22^0.02 
psec  for  CeDg.  Semiquantitative  information  on  the  lifetimes 
of  some  Rydbergs  of  anthracene  was  obtained,  which  fall  in  the 
range  of  -x-  0.1  psec.  These  lifetime  data  imply  that  (i)  the 
relaxation  of  the  Rydberg  is  characterized  by  moderate  energy 
gapCsli  and  Cii)  the  electronic  relaxation  rate  of  the  Rydberg 
is  considerably  less  efficient  than  that  of  the  intravalence 
excitation  in  the  same  energy  domain. 


7.D  Interference  Effects  between  Extravalence  and  Intravalence 
Mol  ecu'!  a r  Exci  ta ti  ons .  We  have  searched  for  Rydberg-valence 
interference  effects  in  large  molecules,  which  are  expected  to 
be  exhibited  in  asymmetric  Fano-type  lineshapes  in  absorption. 
For  "isolated"  Rydbergs,  which  are  superimposed  on  a  irir*  tran¬ 
sition  in  benzene,  naphthalene  and  anthracene,  the  absorption 
lineshapes  are  symmetric  Lorentzians.  No  line  asymmetry  and 
no  entires onances  characteristic  of  Fano  profiles  were  found 
in  that  case.  The  absence  of  interference  effects  in  this  case 
reveals  the  manifestation  of  random  interstate  coupling  of  R 
with  the  n*  manifold.  The  random  coupling  erodes  all  inter¬ 
ference  effects.  The  situation  is  different  for  nearly  lying 
Rydbergs,  where  pronounced  R-R-valence  interference  effects 
were  observed  in  the  absorption  spectra  of  jet-cooled  naphtha¬ 
lene  in  the  spectral  region  1600-1650  A,  providing  information 
on  the  homogeneous  contribution  to  high-energy  nolecular  coupl¬ 
ing  phenomena. 
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7.E  Rotational  State  Dependence  of  Intramolecular  Dvnaml cs .  Rota¬ 

tional  effects  on  Interstate  coupling  are  of  considerable  cur¬ 
rent  Interest.  Absolute  fluorescence  quantum  yields  from  photo- 
selected  rotational  states  were  measured  for  the  electronic 
origins  of  the  Si  state  of  pyrazine.  Strong  rotational  state 
dependence  was  observed  providing  novel  Information  on  inter¬ 
state  coupling  for  the  Intermediate  level  structure.  This 
unique  information  cannot  be  extracted  from  time-resolved  decay 
lifetimes. 

7.F  The  Coupling  between  Intrastate  Vibrational  Energy  Redistribution 
and  Interstate  Electronic  Relaxation.  We  have  documented  some 
universal  characteristics  of  the  decay  lifetimes  and  fluorescence 
quantum  yields  from  the  Si  manifold  of  large  molecules >  which 
originate  from  the.  coupling  between  Intrastate  vibrational  energy 
redistribution  and  Interstate  electronic  relaxation.  The  time- 
resolved  total  fluorescence  decay  excited  by  a  psec  laser  from  the 
$1  state  of  jet-cooled  9CN-anthracene  exhibits  nonexponential  decay 
in  the  energy  range  E\i  =  1200-1740  cm‘^  above  the  Si  origin,  which 
does  not  originate  from  dephasing  but  rather  manifests  the  effects 
of  intrastate  intermediate  level  structure  for  vibrational  energy 
redistribution  on  Intersystem  crossing. 


7.G  Coriolis  Rotation-Vibration  Coupling  and  Intramolecular  Dynamics. 
We  have  demonstrated  that  rotational  effects  play  a  central  role 
on  intramolecular  vibrational  energy  redistribution  in  electronic- 
vibrational  excitations  of  large  molecules.  Strong  rotational 
effects, on  the  fluorescence  quantum  yields  from  vibrational  states 
(above  1000  cm"^)  In  the  Si  manifold  of  9-cyanoanthracene  were 
observed,  which  demonstrate  that  Coriolis  Interactions  serve  as 
the  dominant  coupling  leading  to  Intramolecular  vibrational  energy 
redistribution  (IVR).  In  contrast  to  coinnon  wisdom,  which 
attributed  IVR  in  large  molecules  to  anharmonic  Interactions,  we 
have  shown  that  rotational  effects  play  a  central  role  strongly 
enhancing  Interstate  electronic  relaxation. 

7.H  Resonances  In  Mediated  Inters vs tern  Crossing.  The  mechanisms  of 

airect  and  oflned  fa  ted  Intersystem’  crossing  from  the  first  excited 
singlet  manifold  of  anthracene  and  some  of  Its  derivatives  were 
explored  by  the  study  of  the  Internal  and  the  external  heavy  atom 
effect  on  the  fluorescence  quantum  yields.  Pronounced  mode  selec¬ 
tivity  was  observed  In  the  vibrational  energy  dependence  of  the 
emission  quantum  yield  In  9-bromoanthracene  and  9,10-dibromo- 
anthracene 
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7.1  Mediated  Ihter^Vstem  Crossing  Phenomenology .  Inverse  Isotope  Effects  and 
Microscopic  Level  Shifts.  We  explored  the  energy  dependence  of  the  inter¬ 
state  eiectronvc  (taxation  rates,  from  the  S-|  manifold  of  anthracene 
and  seven  of  Its  Isotopic  and  chemical  derivatives,  which  were  inferred 
from  quantum  yield  data.  Absolute  fluorescence  quantum  yields ,  Y,  from 
groups  of  rotational  states  within  the  electronic  origin  St(0)  and  from 
vibrational  states  were  obtained  over  the  excess  energy  Ey  =  0-3000  cm"' 
above  S](0)  by  the  simultaneous  interrogation  of  the  fluorescence  excita¬ 
tion  spectra  and  of  the  absorption  spectra  in  seeded,  pulsed,  planar 
supersonic  jets  of  Ar.  Additional  information  was  obtained  from  quantum 
yield  data  of  van  der  Waals  (vdW)  complexes  of  these  molecules  with  Ar.  The 
fluorescence  quantum  yields  from  the  S,(0)  of  anthracene,  9-cyanoanthracene 
and  9 ,10-dlbromoanthracene  were  found  io  be  independent  of  the  rotational 
state,  providing  further  evidence  for  the  rotational  independence  of  k^y. 
from  a  single  doorway  state.  From  the  Y  data  of  the  electronic  origins  and 
from  the  Ey  dependence  of  Y,  we  conclude  that  intersystem  crossing  (ISC) 
dynamics  of  the  manifold  is  dominated  by  the  interplay  between  two 
classes  of  nonreactive  coupling  and/or  relaxation.  (1)  Interstate  coupl¬ 
ing,  involving  the  superposition  of  direct  -»■  (Tj^)  ISC  together  with 
Si  -  (Tv)  (T]|)  mediated  ISC  through  a  sparse  or  dense  (Tj^)  manifold 
or  a  higher  triplet  state.  (11)  Intrastate  coupling  within  the  S^  manifold, 
which  sets  In  with  increasing  Ey  and  which  results  In  intramolecular  vibra¬ 
tional  energy  redistribution  (IVR)  at  high  Ey.  The  dominant  role  of 
mediated  Interstate  coupling  in  ISC  dynamics  from  Si(0)  and  from  low  Eu 
states  was  inferred  from  the  inverse  deuterium  isotope  effect  on  the  IbC 


rates,  the  extreme  sensitivity  of  k^y.  of  deuterated  anthracene  to  a  single 
H  atom  substitution,  and  to  level  shifts  induced  by  complexing  with  Ar,  as 


well  as  from  the  three  orders  of  magnitude  difference  between  the  kpj.  values 
from  the  S^(0)  of  9-bromoanthracene  and  of  9,10-dibromoanthracene.  The  on¬ 
set  of  the  mediated  ISC  is  documented  by  an  abrupt  drop  of  Y  in  the  narrow 
(Ey  =  617-805  cm"  )  energy  range  for  9,10-dichloroanthracene  and  by  the 
oscillatory  energy  dependence  of  Y  versus  Ey  and  the  extreme  energy  sensiti¬ 
vity  of  Y,  in  the  range  Ey  =  157-800  cm  "1  of  9,10-dibromoanthracene  which  is 
attributed  to  near- degeneracies  between  S^  states  and  the  mediating  (T^^) 
states.  These  resonance  effects  can  be  drastically  modified  by  dispersive 


level  shifts  Induced  by  complexing  with  Ar.  At  high  excess  vibrational 


energies  some  universal  features  of  the  Ey  dependence  of  k,yy,  are  exhibited. 
These  involve  a  gradual  increase  of  kp^with  increasing  Ey  at  medium  energies 
(Ey  =  1000-1800  cm"'),  which  correspond  to  the  intermediate  level  structure 
for  intrastate  coupling,  and  a  very  weak  Ey  dependence  of  k,.p  at  high 
energies  (Ey  «  1800-3000  cm"'),  which  manifest  the  effect  of  statistical 
intrastate  IVR  on  interstate  ISC. 
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Fluorescence 

Quantum  Yields  for  Hiqhly-Exci ted  States  Of  Large 

Molecules. 

Fluorescence  quantum  yields  Y  from  high  electronic 

excitations  of  naphthalene,  anthracene  and  tetracene  in  the  energy 
range  5. 0-6. 5  eV  have  been  recorded.  Y  exhibits  an  exponential 
dependence  on  the  excess  vibrational  energy  with  the  slope  decreas¬ 
ing  with  increasing  size  of  the  molecule,  i.e.,  the  vibrational 
density  of  states.  These  data  are  characteristic  of  internal  con¬ 
version  from  $1  to  Sfl.  These  results  are  of  interest  regarding 
recent  astrophysical  implications  of  high-energy  photophysics  of 
large  aromatic  hydrocarbons  in  outer  space. 


7.K  Photoisdmerization  Dynamics  of  Trans-Stilbene  and  of  Cis-Stilbene. 
Time-resolved  fluorescence  lifetimes  from  photoselected  states  of 
trans-stilbene  were  recorded  by  the  techniques  of  picosecond  spec¬ 
troscopy  in  jets  using  a  mode-locked  dye  laser  and  a  fast  photon 
counting  system.  Decay  lifetimes  as  short  as  100±30  psec  were 
recorded  Extensive  information  on  the  energy  dependence  of  the 

isomerization  rates  of  alkyl  stilbenes  was  obtained,  providing 
information  on  the  role  of  intramolecular  vibrational  distribu¬ 
tion  on  the  photochemistry  in  an  isolated  molecule.  The  absorp¬ 
tion  spectrum  of  jet-cooled  cis-stilbene  is  broad  and  no  vibra¬ 
tional  structure  could  be  resolved  due  to  the  congestion  of 
broadened  low-frequency  vibrational  excitation.  From  the  low 
quantum  yield  Y  ^  2x1 0"**  we  infer  a  Sj  lifetime  of  x  ^  0.4 
psec,  which  indicates  ultrafast  relaxation  of  this  molecule. 


7.L  PhototSomerization  Dynamics  of  Alkyl  Substituted  Tfans-Stil bene. 
A  central  issue  pertaining  to  isolated-molecule  photochemistry 
involves  the  role  of  intramolecular  vibrational  relaxation  in 
determining  intramolecular  dynamics.  Vie  have  attempted  to  in¬ 
crease  the  density  of  vibrational  states  by  alkyl  substitution 
of  trans-stilhene  and  have  explored  the  isomerization  dynamics 
by- pfxosecond  time-resolved  spectroscopy.  We  have  obtained  the 
counter-intuitive  result  that  alkyl  substitution  of  trans- 
stilbene  enhances  the  photoisomerization  rates,  while  general 
arguments  based  on  the  role  of  IVR  and  the  implications  of 
statistical  theories  indicate  that  the  rate  should  be  retarded. 
The  results  can  be  accounted  for  by  the  modification  of  the 
molecular  parameters,  i.e.,  threshold  energy,  by  alkyl  substi¬ 
tution  . 
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7.M  Energy-Resolved  Photoisomerization  Rates.  The  dynamics  of  the  Si 
and  $2  electronically  excited  singlet  states  of  diphenyl  butadiene 
was  interrogated  by  fluorescence  quantum  yield  measurements  over 
the  very  broad  energy  domain  of  0-7500  cm"^  above  the  (false)  Si 
origin.  The  issues  of  the  lack  of  mode  selectivity  and  the  appli¬ 
cability  of  statistical  theories  for  the  description  of  isolated- 
molecule  photochemistry  were  explored. 

7.N  van  der  Waals  Complexes  and  Porphyrins.  Excited-state  energetics 
and  dynamics  of  large  complexes  consisting  of  porphyrins  bound  to 
rare-gas  atoms  were  explored.  Detailed  spectroscopic  information 
on  the  S  -*■  Si  and  S  -*■  S2  transitions  of  the  free-base  porphine*Ar 
complex  was  obtained®  providing  insight  into  the  structure  of 
this  complex,  as  well  as  resulting  in  a  novel  mechanism  for  micro¬ 
scopic  solvent  shifts  induced  by  configurational  distortions, 
which  are  due  to  complexing. 


7.0  Molecular  and  Metallic  van  der  Waals  Complexes.  Large  van  der  Waals 
complexes  consisting  of  rare-gas  (R)  and  atom(s)  bound  to  a  large 
aromatic  molecule  (M)  were  studied  by  fluorescence  excitation  and 
by  two-photon,  two-color  spectroscopy  in  conjunction  with  mass- 
resolved  detection.  These  studies  provided  information  on  spectral 
shifts  of  the  Si  level  and  of  the  ionization  potential  for  tetracene* 
Ar  (n=l-5)  complexes,  providing  central  information  on  microscopic 
solvent  shifts.  These  studies  were  extended  to  M-metal  atom  com¬ 
plexes,  such  as  pyrene«Hg^  (n=l,2),  which  constitute  a  new  method  for 
the  creation  of  metallic  microclusters  supported  on  a  "microspace". 
The  electronic-vibrational  spectroscopy  of  M*R  complexes  provide 
information  on  large  amplitude  intermolecular  nuclear  motion  of  rare- 
gas  atoms  on  microcurfaces,  which  pertain  to  the  interesting  analogy 
hatween  large  van  der  Waals  molecules  and  microsurfaces. 


7.P  Coupling  between  Intramolecular  and  Intermolecular  Nuclear  Motion 
In  Complexes.  Intermolecular  vibrations  of  large  van  der  Waals 
complexes,  which  involve  the  motion  of  the  ligand  relative  to  the 
large  molecule,  provide  an  analogue  for  surface  vibrational  motion 
in  a  finite  system  and  constitute  the  precursors  of  phonon  modes 
in  condensed  phases.  Information  on  the  coupling  between  inter¬ 
molecular  and  intramolecular  vibrational  motion  was  obtained  for 
the  trans-stilbene*Ar  complex. 
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1.4-diphenylbuiadiene  for  excess  vibrational  energies,  £y  «  0-7500  cm  " above  the  apparent  electronic  origin  of  the  S|(2A,) 
state.  The  pure  radiative  lifetimes,  r,.  of  the  strongly  scrambled  molecular  eigenstates  (fy  =  1050-1800 

cm"')  show  a  marked  dilution  effect,  (t,/t,(S2)»40).  being  practically  identical  with  the  t,  values  from  the  S,(2A,) 
manifold  ( £y  -  0-900  cm" ' ).  which  is  affected  by  near-resonant  vibronic  coupling  to  SjdB^)  and  exhibiting  the  dynamic 
manifestations  of  the  intermediate  level  structure.  Isomerization  rates  in  the  isolated  molecule,  which  do  not  exhibit  vibrational 
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In  this  paper,  we  report  on  absolute  fluorescence  quantum  yields  from  photoselected  vibrational  stales  of  jet-co<iled 
1.4-diphenylhu(adiene  for  exce-ss  vibrational  energies,  =  0-7500  cm  ‘  '.  above  the  apparent  electronic  origin  of  the  S|(2Aj, ) 
state.  The  pure  radiative  lifetimes,  t,.  of  the  strongly  scrambled  S.(l B., )-S,(2Aj, )  molecular  eigenstates  (£^  =1050-18(X) 
cm  ')  show  a  marked  dilution  effect.  ( t,/t,(S; ) •  40).  being  practically  identical  with  the  t,  values  from  the  S|(2A,) 
manifold  (£v  =•  0-900  cm" ').  which  is  affected  by  near-resonant  vibronic  coupling  to  S,(1B„)  and  exhibiting  the  dynamic 
manifestations  of  the  intermediate  level  structure.  Isomerization  rates  in  the  isolated  molecule,  which  do  not  exhibit  vibrational 
mode  selectivity,  were  recorded  over  the  energy  range  0-6600  cm  '  above  the  threshold. 


I.  Introduction 

Excited-state  energetics  and  dynamics  of  linear 
polyenes  (1],  which  have  been  investigated  for 
more  than  three  decades  (2).  are  of  considerable 
interest  with  regard  to  their  intramolecular  iso¬ 
merization  photochemistry,  their  relevance  to  the 
process  of  vision,  and  in  serving  as  model  systems 
for  the  elucidation  of  electronic  structure  and 
vibronic  coupling  in  conjugated  organic  molecules. 
With  the  advent  of  modern  techniques  of  spec¬ 
troscopy  in  supersonic  jets  |3J.  the  electronic  level 
structure  and  intramolecular  relaxatioVof isolated 
polyenes  because  amenable  to  experimental  inter¬ 
rogation  (4-20).  Recent  studies  reported  on  the 
electronic  level  structure  of  some  isolated  poly¬ 
enes.  i.e..  butadiene  (4.10-15).  hexatrienc  (11-13) 
and  1.3.5.7-octateraene  (5.12),  and  on  the  level 
structure  and  dynamics  of  isolated  diphenyl  poly¬ 
enes.  i.e.,  trans-stilbene  (14-20).  1.4-diphenyl- 
butadiene  (6,7)  and  l,6-diphenyl-l,3.5-hexatriene 
(9)  in  supersonic  jets.  A  series  of  interesting  issues 
can  be  addressed  that  pertain  to; 

(1)  The  ordering  of  the  electronically  excited 
states  (1,4-14,16). 

(2)  Electronic  energy  gap  effects  on  pure  radia¬ 
tive  lifetimes. 


(3)  Interstate  S,-S,  mixing  and  non-reaclive 
dynamics. 

(4)  Reactive  isomerization  dynamics  (7.8.14-20). 

(5)  Electronic  structure  and  isomerization  dy¬ 
namics. 

(6)  Mode  specificity  or  statistical  characteristics 
of  photoisomerization. 

Concerning  point  (1 ),  a  detailed  picture  emerged 
on  the  basis  of  the  vibrational  level  structure 
(4-14.16).  relative  intensities  of  distinct  electronic 
transitions  (6-13)  and  two-photon  spectroscopy  (7] 
in  jets.  While  for  trans-stilbene  (14-20)  and  cis- 
stilbene  (21).  the  lowest  spin-allowed  electronic 
transition  involves  A^,  -*  B„.  the  two  lowest  elec¬ 
tronic  transitions  in  longer  diphenyl  polyenes 
(1.6-9)  are  S„(1A^)- S,(2A^)  and’s„(lA^)- 
S;(1B„).  This  ordering  of  the  energy  levels  (1) 
provides  the  basis  for  the  elucidation  of  non-reac- 
tive  and  reactive  dynamics.  Regarding  reactive 
dynamics  (point  (4)),  recent  time-resolved  (7,14. 
18-20)  and  energy-resolved  (15.16)  data  provided 
insight  into  photo-isomerization  in  isolated  di¬ 
phenyl  polyenes.  Relatively  little  is  known  on  in¬ 
terstate  coupling  (point  (3))  in  these  systems.  The 
complex  level  structure  of  the  S„(1A^)-*  S;(1B„) 
transition  in  diphenylbutadiene  (6.7)  exhibits  the 
spectroscopic  manifestations  of  the  intermediate 
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level  structure  [22,23]  for  the  S2(1B„)-S,(2A^) 
coupling,  while  the  extreme  line  broadening  of  the 
So(lAg)-*  S;,(1B„)  transition  in  diphenyl  hexa- 
triene  (9)  seems  to  be  on  the  verge  of  the  statistical 
limit.  Absolute  fluorescence  quantum  yield  data  of 
polyenes  in  supersonic  expansions  which  provide 
information  on  the  pure  radiative  lifetimes,  are 
expected  to  elucidate  some  dynamic  aspects  of 
S,(1B„)-S|(2A^)  coupling  in  these  molecules.  Fur¬ 
thermore.  such  energy-resolved  quantum  yields  are 
pertinent  for  the  interrogation  of  the  dynamics 
and  for  the  search  for  mode  specificity  in  the 
reactive  photo-isomerization  process  over  a  broad 
energy  range  [15J.  With  these  goals  in  mind,  we 
have  measured  absolute  fluorescence  quantum 
yields  from  photoselected  states  of  jet-cooled  1.4- 
diphenylbutadiene  (DPB)  over  the  excess  energy 
range  =  0-7500  cm  '  ‘  above  the  first  apparent 
electronic  origin  of  the  S„(l  A^) -»  S,(2A^)  transi¬ 
tion. 


2.  Experimental 

Our  experimental  techniques  [15,27-29]  for  the 
measurement  of  absolute  fluorescence  quantum 
yields  from  jet-cooled  large  molecules  have  been 
describe*  ‘  previously.  Briefly,  the  absorption  spec¬ 
tra  and  the  fluorescence  excitation  spectra  of  DPB 
seeded  in  pulsed  planar  supersonic  expansions  were 
simultaneously  determined  using  a  pulsed  xenon 
lamp  and  a  monochromator,  DPB  was  heated  in 
the  nozzle  chamber  to  130°C,  mixed  into  Ar 
(stagnation  pressures  p  =  30-50  Torr)  or  Ne.(  p  = 
100-150  Torr),  and  expanded  through  a  nozzle  slit 
(dimensions  0.27  x  90  mm.  repetition  rate  6  Hz 
and  gas  pulse  width  300  ps).  Light  from  a  pulsed 
simmered  Xe  flashbulb  (pulse  duration  24  ps)  was 
passed  through  an  0.75  M  Spex  monochromator 
(with  a  2400  lines/mm  grating  and  3cm''  resolu¬ 
tion  .tt  6  (tm  slit  width)  and  focused  onto  the  jet 
parallel  to  the  slit  at  a  distance  of  x  =  10  mm  from 
it.  The  light  beam  was  split  by  a  sapphire  window 
and  monitored  by  two  vacuum  photodiodes.  The 
attenuation  A/  of  the  light  beam  due  to  absorp¬ 
tion  was  determined  from  the  difference  in  the 
light  intensity  before  and  after  crossing  the  planar 
jet.  The  lamp-induced  fluorescence  (LMIF)  inten¬ 


sity  Jf  was  monitored  by  a  photomultiplier.  The 
absorption  signal  AI  and  the  LMIF  signal 
were  normalized  to  the  incident  light  intensity 
The  relative  quantum  yield,  q.  is  given  by  q  = 
If./AI.  Absolute  quantum  yields,  T.  were  obtained 
by  measuring  the  quantum  yields  simultaneously 
from  DPB  excited  at  3256  A  and  from  the  S, 
electronic  origin  of  anthracene  (at  3610  A)  in  an 
expansion  containing  both  molecules.  The  quan¬ 
tum  yield  from  the  S,  origin  of  the  reference 
molecule  was  taken  to  be  0.67  [29].  In  this  manner, 
the  q  scale  of  DPB  was  calibrated  to  give  Y  data 
from  photoselected  vibrational  states  for  excess 
vibrational  energies  Ey  above  the  lowest-energy 
spectral  feature  of  fy  =  0-7500  cm' '. 

The  fluorescence  excitation  and  absorption 
spectra  of  DPB  were  studied  in  expansions  of 
seeded  Ne  (p  =  150  Torr)  and  of  At  (p  =  30-50 
Torr).  TTie  spectra  and  the  fluorescence  quantum 
yields  obtained  under  these  expansion  conditions 
were  independent  of  the  nature  of  the  diluent 
corresponding  to  the  bare  molecule.  At  higher 
stagnation  pressures  of  At  (p  =  80-150  Torr)  the 
contributions  of  van  der  Waals  DPB  •  Ar,  com¬ 
plexes  became  significant.  The  spectroscopic 
manifestations  of  complexing  involve  the  blurring 
of  the  intense,  irregular,  closely  spaced  structure  in 
the  range  3200-3240  A.  The  fluorescence  quantum 
yield  in  the  range  X  <  3300  A  from  DPB  expanded 
in  Ar  (p  =  80-150  Torr),  containing  DPB  Ar,, 
complexes,  is  considerably  higher  than  that  of  the 
bare  molecule  which  was  cooled  in  Ne.  This  in¬ 
crease  of  Y  is  tentatively  attributed  to  vibrational 
predissociation  of  DPB  •  Ar„,  or/and  intramolecu¬ 
lar  vibrational  energy  flow  from  the  intramolecu¬ 
lar  vibration  of  DPB  to  intermolecular  DPB---Ar 
modes  within  the  complex.  All  the  spectroscopic 
and  dynamic  data  for  the  bare  DPB  molecule 
reported  in  this  work  were  obtained  in  expansions 
of  seeded  Ne  ( p  =  150  Torr). 


3.  Spectra 

The  lamp-induced  fluorescence  (LMIF)  and  ab¬ 
sorption  spectra  of  DPB  over  a  broad  energy 
region  are  portrayed  in  Tig.  1.  These  bare  molecule 
spectra  reveal  three  regions; 
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Fig.  1.  Absorption  spectnim  (lower  curve)  and  fluorescence 
excitation  spectrum  (upper  curve)  of  DPB  over  the  spectral 
range  2700-3400  A.  DPB  was  heated  in  the  nozzle  chamber  to 
140*’C,  seeded  into  Ne  {p  -  ISO  Torr)  and  expanded  through 
the  nozzle  slit.  The  light  beam  crossed  the  planar  jet  at  x  -10 
mm  from  the  nozzle.  The  apparent  origin  of  the  SgilA^)-* 
S,(2A,)  transition  is  marked  0. 


(1)  The  lowest-energy  weak  So(lAg)-»S,(lAj) 
transition  (fi^  2)  has  its  apparent  electronic  origin 
(7]  at  3370  A  (29673  cm"'),  which  is  in  accord 
with  the  results  of  Heimbrook  et  al.  (6]  and  of 
Shepanski  et  ai.  (7J.  The  vibrational  level  structure 
of  this  transition  (fig.  3),  exhibiting  excitations  at 
134,  237, 370,  (134  +  237)  and  370  cm" '  above  the 
apparent  origin,  is  in  perfect  agreement  with  previ¬ 
ous  work  [7], 

(2)  The  second  S(,(lAj) -•  S^flB^)  intense  elec¬ 
tronic  transition  sets  in  at  the  vicinity  of  3240  A 
(fig.  3)  and  is  also  in  agreement  with  previous 
work  16,7J.  This  transition  in  the  range  3180-3240 
A  exhibits  an  irregular  closely  spaced  structure 
which  clearly  corresponds  to  the  intermetfiaTe  level 
structure  [22-26]  originating  from  strong  interstate 
S2(lB„)-S,(2Ag)  mixing.  As  the  electronic  energy 
gap  A£  between  the  electronic  origin  of  the  two 
electronic  configurations  is  low,  A£(S}-S,) «  1000 
cm"',  the  spectroscopic  manifestations  of  Sj-S, 
interstate  coupling  in  DPB  are  analogous  to  those 
exhibited  in  the  S,  state  of  jet-cooled  naphthalene 
[2S],  pyrene  [30]  and  ovalene  [31],  all  of  which  are 
characterized  by  a  low  electronic  energy  gap.  A 
comparison  between  the  relative  intensities  of  the 
irregular,  closely  spaced,  distinct  spectral  features 
in  the  fluorescence  excitation  and  absorption  spec¬ 
tra  in  the  range  3180-3240  A  reveals  a  gradual 


Fig.  2.  The  fluorescence  exciuition  speclrum  of  DPB  in  the 
range  326S-337S  A,  exhibiting  the  Sq(1A|)  — S,(2A|)  elec¬ 
tronic  transition.  Experimental  conditions  as  in  fig.  1.  The 
apparent  electronic  origin  is  marked  0.  while  the  numbers  mark 
the  excess  vibrational  energies  (in  cm~ ' ). 


v(cm-i) 


Fig  3.  The  absorption  (tower  curve)  and  the  fluorescence 
excitation  (upper  curve).  Spectra  of  DPB  in  the  spectral  range 
3180-3280  A.  Experimental  conditions  as  in  fig.  1.  This  spec¬ 
trum  for  the  Su(lAj)  ->  SjflB^)  transition  exhibits  the  features 
of  the  intermediate  level  structure  for  S;  -S,  mixing  as  well  as 
a  monotonical  decrease  of  y  with  increasing  Ev 
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and  monotonical  decrease  of  the  fluorescence 
quantum  yield  with  increasing  energy.  No  vibra¬ 
tional  mode  selectivity  of  the  yield  is  exhibited  in 
this  energy  domain. 

(3)  The  “quasicontinuum”.  In  the  energy  range 
2700-3150  A,  i.e.,  Ey  =  2000-8000  cm"'  (fig.  1). 
the  absorption  and  LMIF  spectra  of  the  jet-cooled 
molecule  are  devoid  of  any  vibrational  structure.  A 
cursory  examination  of  fig.  1  reveals  that  in  this 
energy  range  the  quantum  yield  for  fluorescence 
exhibits  a  marked  decrease  with  increasing  Ey. 
Such  a  quasicontinuum  was  observed  also  in  the 
electronically  excited  manifold  of  trans-stilbene 
[14,15,18),  while  there  is  no  evidence  for  the  ob¬ 
servation  of  such  a  quasicontinuum  in  the  ground 

electronic  state  of  trans-stilbene  [14,18].  It  is 
plausible  that  this  excited-state  quasicontinuum 
exhibited  at  high  Ey  provides  a  spectroscopic 
manifestation  of  intramolecular  isomerization  in 
the  isolated  molecule.  A  cursory  examination  of 
the  fluorescence  excitation  and  absorption  spectra 
within  the  “quasicontinuum”  (fig.  1)  reveals  again 
a  gradual  and  monotonical  decrease  of  the  fluores¬ 
cence  quantum  yield  with  increasing  excess  vibra¬ 
tional  energy.  As  the  spectra  of  the  isolated  inter¬ 
nally  cold  molecule  are  devoid  of  any  structure 
within  the  “quasicontinuum”,  it  is  not  surprising 
that  the  fluorescence  quantum  yield  does  not  ex¬ 
hibit  any  vibrational  mode  selectivity  within  this 
energy  range. 


4.  Quantum  yields 

t. 

The  absolute  quantum  yield  data  over  the  range 
£v  =  0-7500  cm  '  above  the  S,(lAj)  apparent 
origin  (fig.  4)  reveal  the  following  features  in  the 
order  of  increasing  energy:  (a)  a  modest  decrease 
with  increasing  Ey  in  the  range  £v=  0-1050 
cm" ',  (b)  a  break  at  Ey  =  1050  cm ' (c)  a  sharp 
decrease  of  Y  by  about  two  orders  of  ma^itude 
over  the  narrow  energy  range,  £v  “  1050-2000 
cm"',  and  (d)  a  further  and  more  moderate  de¬ 
crease  of  Y  with  increasing  Ey  in  the  range 
Ey  =  2000-7500  cm"'.  Features  (a)-(c)  in  the  Y 
data  show  a  similar  trend  to  that  exhibited  by  the 
lifetime  data  of  Zewail  et  al.  [8J.  Feature  (a)  pre¬ 
sumably  reveals  modest  intersystem  crossing,  ex- 


Fig.  4.  Absolute  fluorescence  quantum  yields  from  photo- 
selected  states  of  DPB  for  excess  vibrational  energies  Ey  = 
0-7500  cm"’. 

hibiting  interstate,  non-reactive,  electronic  relaxa¬ 
tion.  Reactive  dynamics  is  exhibited  at  higher  en¬ 
ergies.  Feature  (b)  presumably  mark.s  the  on.set  of 
isomerization,  which  prevails  in  regions  (c)  and 
(d). 

Two  features  of  the  intramolecular  isomeriza¬ 
tion  within  the  isolated  DPB  molecule  should  be 
noted.  (I)  The  onset  of  isomerization  at  Ey  »  1050 
cm"'  [feature  (b)]  practically  coincides  with  the 
on.set  of  the  second,  spin-allowed  electronic  transi¬ 
tion.  which  sets  in  at  Ey  =  1(X)0  cm" '.  We  believe 
that  this  apparent  correspondence  between  dy¬ 
namics  and  the  spectroscopic  level  structure  is 
coincidental  as.  in  views  of  the  heavy  S--S,  mixing 
(see  the  discussion  in  section  7).  the  Sy  states  lose 
their  identity.  (11)  As  is  evident  from  the  foregoing 
di.scu.ssion  of  the  spectra  (section  3)  and  from  the 
quantitative  Y  data  (fig.  4).  the  quantum  yields  for 
isomerization,  which  prevails  in  regions  (a)  and 
(d).  reveal  a  smooth  Y  versus  Ey  dependence  and 
no  vibrational  mode  selectivity  of  the  “reactive" 
intramolecular  process  is  exhibited. 

S.  Pure  radiative  lifetimes 

The  combination  of  our  quantum  yield  data 
with  the  time-resolved  data  of  Shepanski  et  al.  [7]. 


A.  Amirov  ei  at.  /  Excited singln  slates  of  diphenytbutadiene 


309 


Fig.  5.  The  energy  dependence  of  the  pure  radiative  lifetimes  of 
DPB  over  the  energy  range  £v  ”  0-1800  cm  ‘ The  absolute 
fluorescence  quantum  yields  (•)  from  the  present  wort  were 
combined  with  the  experimental  decay  lifetimes  (a)  of  Shepan- 
ski  et  al.  [7]  to  give  the  t,  values  (■).  In  the  lower  part  of  the 
figure  the  LMIF  spectrum  is  displayed  revealing  two  electronic 
transitions  in  this  energy  range. 


and  of  Heimbrook  et  al.  [6]  provides  Aesv  informa¬ 
tion  on  the  pure  radiative  lifetimes  of  the  and 
1B„  states.  Fig.  S  portrays  the  Y  data  together  with 
Shepanski’s  experimental  decay  lifetimes,  r,  (7] 
over  the  energy  range  £v  “  1-1800  cm"',  which 
spans  the  two  -*  S,  and  -♦  Sj  electronic  tran¬ 
sitions.  From  these  data,  we  have  evaluated  the 
pure  radiative  lifetimes  \  »  Ft.  The  pure  radiative 
lifetimes  from  the  S,(2A^)  manifold  (Ey^  0-900 
cm"')  are  t, «65±5  ns  (fig.  5).  The  t,  values 
obtained  for  the  radiative  decay  of  molecular 
eigenstates  (MEs),  which  involve  the  scrambling  of 
the  SjflB.)  origin  and/or  its  low  vibronic  exciu- 
tions  with  the  S,(2A,)  background  states  in  the 
energy  range  Fy  cm"'  are  practi¬ 


cally  constant  assuming  the  value  =  65  ±  5  ns 
(fig.  5). 


6.  Radiative  lifetime  of  S, 

The  pure  radiative  lifetime  t/Sj  )  =  65  ±  5  ns  of 
the  states  in  the  S,(2Ag)  manifold  (£v  =  0-9(X) 
cm"')  are  surprisingly  short  for  a  weakly  allowed, 
vibronically  induced  transition.  The  pure  radiative 
lifetime  of  S,{2Ag)  inferred  from  the  integrated 
oscillator  strength  is  considerably  longer  than  the 
experimental  value  of  r^fS)). 

To  provide  a  spectroscopic  estimate  of  the  pure 
radiative  lifetime  of  the  S,(lAg)  state,  we  have 
evaluated  the  relative  integrated  intensities  in  the 
absorption  spectra  of  the  SoflA^)  -►  S,{2A^)  tran¬ 
sition  (spectral  range  3260-3362  A)  and  of  the 
So(lAg) -»  S,(2Ag)  transition  (spectral  range 
3180-3250  A)  of  the  jet-cooled  molecule.  The  ab¬ 
sorption  intensity  of  the  So(lAg)-*  S|(2Ag)  tran¬ 
sition  was  obtained  from  the  LMIF  spectra  in 
conjunction  with  the  quantum  yield  data,  while 
the  absorption  intensity  of  the  So(lAg)->  S,(1B„) 
transition  was  taken  from  figs.  1  and  3.  This 
estimate  results  in  the  oscillator  strength  ratio 
/(S^  -♦  Sj)//(So  -»  S, )  =  150.  In  view  of  the  effects 
of  interstate  coupling,  which  are  manifested  by  the 
appearance  of  the  irregular  quasi-lorentzian  onset 
of  the  S,  +  S,  MEs  (figs.  1  and  5)  in  the  range 
3320-3362  A  (Fy  = ‘f00-9(X)  cm"'),  it  appears 
that  our  estimate  of  /(S„  -♦  S, )  constitutes  an  up¬ 
per  limit  for  this  observable  and  a  lower  limit  for 
the  oscillator  strength  ratio,  i.e..  f(S^y  -♦Sj)//(S„ 
-►S,)>  150.  The  ratio  of  the  pure  radiative  life¬ 
times  of  the  two  electronic  states  of  the  isolated 
molecule  t,(S,)/t,(Sj)=/(So -♦  -♦  S, )  is 

T,(S,  )/t,(S2  )  >  150.  The  pure  radiative  lifetime  of 
the  SjflBy)  state  of  DPB  estimated  from  the  in¬ 
tegrated  oscillator  strength  in  solution  is  t/Sj  ) » 
1.5  ns  (31],  being  close  to  the  pure  radiative  life¬ 
time  r,  •>  2.5  ns  of  the  1B„  state  of  isolated  trans- 
stilbene  (14-20].  Accordingly,  the  spectroscopic 
estimate  of  the  pure  radiative  lifetime  of  the 
S,(2A^)  state  of  DPB  is  t^(S,)>  225  ns,  which  is 
considerably  longer  than  the  experimental  value 
(fig.  5)  T,  «•  65  ±  5  ns.  The  origins  of  the  apparent 
shortening  of  r/S,),  which  may  originate  from 
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near-resonant  vibronic  coupling,  i.e.,  pseudo- 
Jahn-Teller  effects  as  well  as  from  configurational 
changes  in  S,.  remain  to  be  explored. 


7.  Interstate  Sj-S]  coupling 

Novel  information  concerning  S2(lBu)-S,(2A,) 
interstate  coupling  emerges  from  the  r,  data.  The 
r,  values  for  the  Sj  +  S)  MEs  in  the  energy  range 
Ey,  =  1000-1800  cm"'  (fig.  5)  exhibit  the  follow¬ 
ing  features: 

(1)  The  r,  values  are  practically  constant  in  this 
energy  range,  where  both  r  [7]  and  Y  sharply 
decrease  with  increasing  fy. 

(2)  The  values  of  t,  =  65  ±  5  ns  are  very  close  to 
the  pure  radiative  lifetimes  of  the  vibronic  levels  in 
the  S,(1A^)  manifold. 

(3)  The  T,  values  of  the  MEs  are  appreciably 
longer  than  the  pure  radiative  lifetimes  r,(S2) 
estimated  from  the  integrated  strength  for  the 
So(lAg)-»  SjflBu)  transition. 

To  provide  a  quantitative  estimate  of  the 
lengthening  of  we  follow  the  conventional  pro¬ 
cedure,  evaluating  the  dilution  factor  t,/t,(S2). 
Utilizing  the  pure  radiative  lifetime  of  the  S2(1B„) 
state  7,(82)=  1.5  “s  estimated  [31]  from  the  in¬ 
tegrated  oscillator  strength  in  solution,  we  infer 
that  the  dilution  factor  is  t,/t,(S2)  =  40.  The  ap¬ 
preciable  lengthening  of  r,  for  the  second  excited 
singlet  state,  wich  is  characterized  by  t,  *  t,(S,  ) 
for  the  MEs  of  82  parentage,  can  be  attributed  to 
one  of  the  following  causes:  (a)  The  dilution  effect 
for  strong  S2-S]  mixing  within  the  in)btzaediate 
level  structure  (IL8)  [22-26].  (b)  82  -♦  8,  intramo¬ 
lecular  relaxation  in  the  statistical  limit  [23],  fol¬ 
lowed  by  the  radiative  decay  of  the  isoenergetic  S, 
manifold.  Mechanism  (b)  is  realized  for  large  elec¬ 
tronic  S2-S,  energy  gaps,  whereupon  the  back¬ 
ground  density  of  states  is  very  high,  $0  that  the 
level  widths  of  the  resulting  MEs  exceed  their 
spacings.  This  state  of  affairs  probably  prevails  for 
the  decay  of  the  S2  state  of  diphenylhexatriene, 
where  ^£(82-81)*  3400  cm~'  (9],  and  where  the 
fluorescence  decay  lifetime  from  the  82  origin  is 
more  than  an  order  qf  magnitude  longer  than  the 
pure  radiative  lifetime  of  the  82(1  By)  state.  For  the 
problem  at  hand,  the  electronic  energy  gap  in  DPB 


^£(82-8,)=  1000  cm"'  is  small,  whereupon  the 
IL8  prevails,  i.e.,  the  MEs  are  well  separated  rela¬ 
tive  to  the  widths.  The  marked  lengthening  of  t,  is 
attributed  to  the  dilution  effect,  which  was  previ¬ 
ously  documented  in  the  82  state  of  jet-cooled 
naphthalene  [25]  and  ovalene  [26].  Using  the 
vibrational  frequencies  of  DPB  [32],  we  estimate 
that  the  density  of  8,  vibrational  states  at 
^£(82-8,)=  1(XX)  cm”'  is  p  *  10^ cm,  which  con¬ 
stitutes  a  rough  estimate  of  the  effectively  coupled 
levels.  Within  the  framework  of  the  IL8  model 
[22],  the  (average)  pure  radiative  width,  Vm"*,  of  an 
ME  is  =  y”"/^  +  7”“.  where  y.”**  and  y^"* 
correspond  to  the  pure  radiative  lifetimes  of 
S2(lBy)  and  8,(2Ag),  respectively.  iV  is  the  dilu¬ 
tion  factor,  which  is  given  by  N  =  Ex¬ 

pressing  N  in  terms  of  F  =  2itK^p,  i.e.,  the  mean 
energetic  spread  of  MEs  emerging  from  a  single  82 
vibronic  doorway  state,  and  taking  F *  10  cm”' 
(fig.  2),  we  obtain  the  ciude  estimate  N  *  10^.  As 
y/“'/y;*^  =  t,(S,)/t,(S2)»40,  we  expect  on  the 
basis  of  the  relation  Ym'*  =  Y™**!!  +  Ys^Vy”**^)- 
together  with  *  4  x  10”^,  that  = 

y/"*  *  [t,(S,)]"'.  Accordingly,  the  dilution  of  the 
levels  among  the  MEs  is  so  effective  that  the 
decay  lifetimes  of  these  MEs  are  essentially  de¬ 
termined  by  their  8,  character. 


8.  Isomerization  dynamics 

Following  conventional  wisdom,  we  attribute 
the  marked  decrease  of  Y  with  increasing  £y  over 
the  broad  region  Ey  =  1050- 75(X)  cm”'  (fig.  3)  to 
intramolecular  isomerization  [7].  The  nature  of  the 
photoisomerization  process  in  DPB  has  not  yet 
been  established.  This  radiationless  process  does 
not  necessarily  involve  rotation  above  a  double 
bond.  An  interesting  alternative  mechanism  may 
involve  electrocyclic  ring  closing.  This  cardinal 
issue  deserves  further  study.  From  the  quantum 
yield  data,  we  have  evaluated  the  ratio  of  the 
non-radiative  decay  rate,  and  the  radiative 
decay  rate  .V,  -  t”  '  from  the  relation  k„/k,  = 
(T"'  -  1).  These  results  are  displayed  in  fig.  6.  On 
the  basis  of  the  foregoing  analysis  of  the  pure 
radiative  lifetimes  (fig.  5)  in  the  range  £v  0-18(X) 
cm”’,  which  rests  on  our  quantum  yield  data  in 
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Fig.  6.  The  energy  dependence  of  the  relative  non-reactive 
decay  rate  (*„,/*,)  and  of  the  non-reactive  lifetime  (t„)  for 
intramolecular  isomerization  within  the  isolated  DPB  in  the 
range  £v  ~  0-7500  cm'*.  The  solid  tine  represents  the  best  lit 
of  the  experimental  daU  to  the  classial  RRK  theory  with  the 
parameters  marked  on  the  figure. 

conjunction  with  the  lifetime  data  (6,7],  we  can 
safely  assert  that  A,  =  1.5  x  10’  s' '  over  the  entire 
energy  region.  The  non*radiative  lifetimes,  t„„  for 
intramolecular  isomerization  extracted  from  our 
quantum  yield  data,  which  span  the  range 
20-5  X  10’  ps,  are  also  presented  in  fig.  6.  The 
lack  of  mode  selectivity  in  the  isomerization  reac¬ 
tion  (Fig.  6)  within  the  isolated  molecule,  already 
alluded  to  in  section  4,  points  towards  efficient 
vibrational  energy  redistribution  preening  the  re¬ 
active  intramolecular  process.  This  state’oT  affairs 
is  similar  to  that  encountered  previously  for  the 
decay  of  the  intramolecular  dynamics  of  trans- 
stilbene  [14-20].  Obviously,  the  qualitative  ob¬ 
servations  of  a  complete  erosion  of  mode  selectiv¬ 
ity  constitutes  a  necessary  but  by  no  means  suffi¬ 
cient  condition  for  the  applicability  of  “statistical” 
theories  of  unimolecular  reactions.  In  this  context, 
we  have  attempted  to  provide  a  Fit  of  our  Y  data  in 
terms  of  the  simple  classical  RRK  equation.  As  is 
apparent  from  Hg.  6,  the  dynamic  data  can  be 
presented  in  terms  of  the  classical  RRK  equation 
k„/k,=  A{\  -  £,/£v)''',  with  the  threshold  en¬ 
ergy  £,  =■  700  cm' ',  the  effective  number  of  vibra¬ 


tional  degrees  of  freedom  s  =  8.8  and  the  pre-ex¬ 
ponential  factor  A  —  6160.  As  is  well  known,  this 
classical  RRK  fit  provides  a  low  value  of  s  and  a 
lower  limit  for  £,.  A  cursory  examination  of  the 
apparently  low  pre-exponential  factor  A  =  Ak,  =  9 
X  10'“  s''  may  indicate  that  the  isomerization 
reaction  in  the  isolated  molecule  is  non-adiabetic. 
However,  it  has  recently  been  pointed  out  by  Troe 
[33]  that  the  apparently  low  pre-exponential 
frequency  factors  originating  from  the  analysis  of 
isomerization  dynamics  in  isolated  diphenyl  poly¬ 
enes  in  terms  of  statistical  unimolecular  theories 
may  be  due  to  frequency  changes  between  the 
reactant  and  the  activated  complex.  For  a  “more 
rigid”  set  of  activated  complex  frequencies,  as 
compared  to  the  molecular  frequencies,  the  change 
in  the  vibrational  entropy  will  reduce  the  frequency 
factor.  The  extremely  good  RRK  fit  (fig.  6)  over  a 
large  energy  range  should  be  considered  just  as  a 
convenient  way  of  data  representation  and  does 
not  provide  unambiguous  mechanistic  information 
regarding  partial  or  complete  vibrational  energy 
redistribution  and  adiabaticity  of  the  isomeri¬ 
zation  process  in  the  isolated  molecule. 
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7.Q  Analogies  between  Large  van  der  Waal s  Molecules  and  Microsurfaces. 
The  binding  of  rare-gas  (R)  atoms  to  "large  aromatic  molecules  (M) 
on  the  one  hand,  and  to  the  basal  plane  of  graphite  on  the  other 
hand,  represent  two  extremes  of  the  interaction  of  R  atoms  with 
ordered  arrays  of  sp*  hybridized  carbon  atoms.  We  have  explored 
the  analogies  between  the  characteristics  of  large  van  der  Waals 
M*Rp  complexes  and  R  atoms  on  graphite  surfaces,  focusing  on 
structure,  packing,  orientational  registry  effects  and  the  nuclear 
motion  of  R  adsorbates  on  finite  microsurfaces.  The  elucidation 
of  the  structure,  energetics  and  nuclear  dynamics  of  large  M*Rp 
complexes  rests  on  semi -empirical  calculations  of  potential 
surfaces.  These  provide  a  quantitative  account  of  the  geometry, 
the  existence  of  isomers,  the  dissociation  energies  and  the  fre¬ 
quencies  of  out-of-plane  and  in-plane  vibrational  modes  for  large 
amplitude  intermolecular  nuclear  motion. 


7.R  Electron  Localization  in  Clusters.  Small  clusters  exhibit  unique 
physical  and  chemical  phenomena,  which  are  both  of  fundamental  and 
technological  significance,  and  provide  ways  and  means  to  explore 
the  "transition"  from  molecular  to  condensed-matter  systems.  We 
have  provided  a  theoretical  study  of  the  structure,  energetics  and 
dynamics  of  an  excess  electron  interacting  with  an  alkali-halide 
cluster,  which  was  explored  by  the  quantum  path  integral  molecular 
dynamics  method.  These  studies  establish  various  compositional, 
structural  and  size  dependence  of  bulk  and  surface  localization 
mechanisms  of  the  dynamic  process  induced  by  electron  attachment. 


7.S  Vibrational  Predissociation  Induced  by  Exciton  Trapping  in  Rare-Gas 
Clusters.  The  dynamics  of  exciton  trapping,  vibrational  energy 
transfer  and  vibrational  predissociation  in  an  electronically  excited 
state  of  Ari3  clusters  was  explored  by  classical  molecular  dynamics. 
This  study  constitutes  an  application  of  this  technique  for  the 
dynamics  of  electronically  excited  states  of  large  systems.  New 
mechanisms  of  ultrafast  (-v  300  fsec)  vibrational  energy  flow  induced 
by  short-range  repulsion  were  documented.  In  these  systems  vibra¬ 
tional  energy  redistribution  does  not  occur  and  mode  selection 
excitation  prevails.  In  small  (n=13)  clusters  the  consequences  of 
vibrational  energy  flow  results  in  reactive  vibrational  predissocia¬ 
tion,  leading  to  the  "evaporation"  of  Ar  atoms  for  the  cluster.  In 
layer  (n=55)  clusters  a  transition  from  molecular-type  reactive 
behavior  to  nonreactive  vibrational  relaxation,  which  is  character¬ 
istic  of  condensed  phases,  was  exhibited. 
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7.T  Nonreactive  and  Reactive  Excited-State  Dynamics  in  Mixed 

Rare-Gas  Clusters.  We  explored  the  dynamic  implications  of 
ener^  exchange  in  electronically-vibrationally  excited  states 
of  mixed  rare-gas  clusters.  The  classical  molecular  dynamics 
method  was  applied  for  the  study  of  vibrational  energy  flow 
from  electronically  excited  atomic  (^Pj)  states  in  Xe*  Ari2  and 
Xe*  Argm  due  to  short-range  repulsive  interactions,  and  the 
consequences  of  XeJ  )  excimer  formation  in  XeJ  Ar..  and 
XeJ  Ar53  clusters.  We^'  have  established  the  occurrence  of  an 
ultrafast  vibrational  energy  flow  (-v-  300  fsec)  from  local 
Rydberg  atomic  and  excimer  excitations  into  the  cluster, 
which  is  accompanied  by  large  configurational  dilation  around 
the  excited  state,  due  to  short-range  repulsive  interactions. 
Size  effects  on  cluster  dynamics  were  elucidated,  being  mani¬ 
fested  by  vibrational  predissociation  in  small  clusters,  and  by 
vibrational  relaxation  and  vibrational  predissociation  in  small 
clusters  and  by  vibrational  relaxation  and  vibrational  energy 
redistribution  in  large  clusters.  A  gradual  transition  from 
reactive  molecular-type  relaxation  in  small  clusters  to  non¬ 
reactive  condensed-matter- type  relaxation  in  large  clusters  was 
documented.  Qualitative  and  quantitative  differences  between 
relaxation  of  excited  species  initially  located  in  the  interior 
or  on  the  surface  of  the  cluster  were  established,  being  ex¬ 
hibited  in  the  details  of  the  vibrational  energy  flow.  In  the 
case  of  the  bulk  XeJ  Argj,  excessive  local  heating  is  mani¬ 
fested  in  cluster  melting,  which  results  in  mass  transport  of 
the  excimer  to  the  cluster  surface.  The  many  facets  of  the 
dynamics  of  electronically  excited  mixed  rare-gas  clusters  are 
amenable  to  experimental  interrogation. 


7.U  Energetics,  Dynamics  and  Ionization  of  Large  Clusters.  Large  in¬ 
sulating  clusters  formed  by  the  nucleation  of  R  atoms  on  M 
molecules  were  synthesized  using  small -aperture  conical  nozzles. 
We  have  applied  the  two-color,  two-photon  ionization  method  in 
cluster  beams  to  investigate  various  spectroscopic  and  chemical 
attributes,  i.e.,  the  excited-state  energetics,  the  ionization 
existence  of  isomer  potentials  and  the  vibrational  frequencies 
of  large  M*Rp  (n=l-50)  with  M  h  tetracene,  anthracene  and  di- 
chloroanthracene  and  R  =  Ar  and  Kr  clusters.  These  studies 
pertain  to  the  evolution  of  energetic  size  effects  from  an 
isolated  large  molecule  to  the  condensed  phase.  Furthermore,  the 
size  dependent  line  broadening  and  vibrational  energetics  pertain 
to  the  interesting  issues  of  the  documentation  of  isomerization 
and  "melting"  in  large  finite  systems.  These  studies  will  con¬ 
tribute  towards  bridging  the  gap  between  molecular,  surface  and 
condensed-matter  energetics  and  dynamics. 
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The  vibrational  level  structure  of  the  transition  of  trans-stilbene-Ar,  was  interrogated  by  mass-resolved  resonance 

two-photon  ionization  spectroscopy  in  supersonic  beams.  Combination  bands  provide  evidence  for  intermode  coupling  between 
the  vibrational  excitation  of  the  relative  motion  of  Ar  and  trans-stilbene  (TS)  in  TS- Ar  and  an  intramolecular  vibration  of  TS, 
which  is  manifested  by  the  linear  dependence  of  the  intermolecular  vibrational  energy  on  the  vibrational  quantum  number  of 
the  intramolecular  motion. 


Electronic-vibrational  spectra  of  large  van  der  Waals 
(vdW)  complexes  ( 1 ,21 ,  consisting  of  aromatic  mole¬ 
cules  bound  to  atomic  or  molecular  ligands,  reveal  two 
major  types  of  vibrational  modes:  (A)  Intramolecular 
vibrational  modes  of  the  aromatic  molecule  in  the 
complex  (1-7],  and  (B)  intermolecular  vibrational 
modes,  which  involve  the  motion  of  the  ligand  relative 
to  the  large  molecule  (1,2,7 ,8].  The  intermolecular 
modes  can  be  segregated  further  into:  (Bl)  perpen¬ 
dicular  intermolecular  modes  involving  out-of-plane 
motion  of  the  ligand  relative  to  the  organic  mole¬ 
cule  (2,7-1 1|.  Typical  vibrational  frequencies  for 
rare-gas  aromatic -molecule  complexes  were  docu¬ 
mented  experimentally  to  lie  in  the  rangq,w  SO¬ 
SO  cm”*  (1,2,7-10).  (B2)  Parallel  intermofecalar 
modes  involving  in-plane  motion  of  the  ligand  with 
respect  to  the  organic  molecule  (8).  Vibrational 
frequencies  of  these  modes  were  calculated  to  lie  in 
the  range  £5  »=  1  -10  cm”*  (9).  These  intermolecular 
modes  are  of  considerable  interest  in  providing  an 
analog  for  surface  vibrational  motion  in  a  finite  sys¬ 
tem  and  in  constituting  the  precursors  of  phonon 
modes  in  condensed  phases.  A  reasonable  starting 
point  for  the  understanding  of  the  nuclear  motion 
within  large  vdW  complexes  is  based  on  the  segrega¬ 
tion  between  intramolecular  and  intermolecular  vi¬ 
brational  modes  (7,8].  A  heuristic  justification  for 
such  an  approach  rests  on  the  separation  of  time  scales 
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for  the  two  distinct  types  of  motion,  which  are  char¬ 
acterized  by  a  small  frequency  ratio  u(intermolecular)/ 
(o(intramolecular)  «  0.001  -0.05.  Nevertheless,  the 
coupling  between  intermolecular  and  intramolecular 
motion  in  large  vdW  complexes  is  pertinent  for  the 
elucidation  of  the  energetics,  i.e.  the  vibrational  level 
structure,  and  the  dynamics,  e.g.,  vibrational  energy 
redistribution,  in  these  systems.  In  this  note,  we  report 
on  the  observation  of  the  manifestations  of  the  cou¬ 
pling  betweej^ntramolecular  and  intermolecular 
nuclear  motion  in  a  large  vdW  complex.  We  have  ex¬ 
plored  the  electronic -vibrational  spectroscopy  of  the 
Sq  Sj  transition  of  the  trans-stilbene  (TS)-Ar  com¬ 
plex  interrogated  by  mass-resolved  resonance  two- 
photon  ionization  (R2PI)  (7,1 1-I3].  The  vibrational 
level  structure  of  TS  - Atj  in  its  Sj  state  exhibits  intra¬ 
molecular  vibrations  of  TS  and  perpendicular  inter- 
moleuclar  Ar-TS  modes.  The  combination  bands, 
which  involve  both  types  of  vibration,  reveal  sys¬ 
tematic  deviations  from  additivity,  exhibiting  the 
manifestations  of  the  coupling  between  intermolecu¬ 
lar  and  intramolecular  motion  in  the  large  vdW  com¬ 
plex. 

The  TS-Ar"*^  vdW  ions  were  produced  by  R2PI  of 
the  corresDonding  vdW  molecules  in  supersonic  beams 
and  interrogated  by  time-of-flight  mass  spectrometry. 
TS  was  heated  in  the  nozzle  chamber  to  I  SO^C  (partial 
vapour  pressure  7  Torr)  (14],  seeded  into  Ar  (stagna- 
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lion  pressure  p=  1-2  atm)  and  expanded  by  a  mag¬ 
netic  pulsed  valve  (gas  pulse  length  of  200  ps,  pulse 
frequency  10  Hz)  through  a  conical  nozzle  (nozzle 
diameter  D  =  03  mm,  nozzle  opening  angle  6  *  30“). 
The  use  of  conical  nozzles  considerably  enhances  clus¬ 
tering  in  the  supersonic  expansion  [IS].  The  centra] 
core  of  the  jet  was  skimmed  by  a  nickel  electroplated 
copper  skimmer  (diameter  1  mm).  Light  from  a  fre¬ 
quency-doubled  Nj  laser  pumped  dye  laser  (spectral 
range  2800—3200  A,  pulse  duration  4  ns,  peak  power 
output  2  /iJ/pulse,  spectral  width  0.3  cm~l)was 
focused  by  an /=  7  cm  lens  onto  the  molecular  beam 
at  the  ion  source  of  the  time-of-flight  mass  spectrom¬ 
eter  (TOFMS).  The  total  ion  accelerating  voltages  em¬ 
ployed  in  these  experiments  were  800  V.  The  acceler¬ 
ated  ions  were  passed  through  the  drift  tube  (length 
249  mm)  and  interrogated  by  a  fast  ion  detection 
scheme.  This  consists  of  a  large-aperture  high-voltage 
(30  kV)  detector  generating  free  electrons,  which  are 
detected  by  a  plastic  scintillator  (light  pulse  width 
2-S  ns  in  the  range  4100—4300  A)  in  conjunction 
with  a  photomultiplier  (Phillips  XP2020).  The  photo¬ 
multiplier  signal  was  fed  to  a  boxcar  integrator 
(Brookdeal),  which  recorded  the  appropriate  mass 
(TS+ ;  m/e  =  1 80  or  TS  •  Ar+ ;  m/e  =  220).  The  R2PI 
ion  signal  was  averaged  by  a  signal  averager  (PAR)  and 


diplayed  after  normalization  to  the  square  of  the  in¬ 
cident  laser  intensity. 

The  mass-resolved  R2P1  spectrum  for  the  low-energy 
regime  (excess  vibrational  energy  Ey  =  0-500  cm~') 
of  the  Sq  •*  S]  transition  of  TS  is  portrayed  in  fig.  1 . 
The  electronic  origin  of  Sq  -♦  Sj  is  located  at  3102.8 
A  (32229  cm~l),  which  is  in  accord  with  the  original 
fluorescence  excitation  spectra  [16j.  The  bare-mole- 
cule  spectrum  exhibits  weak  hot  bands  at  25  and  38 
cm~^  and  low-frequency  vibrations  at  80  and  89 
cm~^,  which  is  in  good  agreement  with  the  previous 
laser-induced  fluorescence  (LIF)  spectra  [16].  The 
80  and  89  cm“*  modes  correspond,  according  to 
Warshel  [17],  to  out-of-plane  C-0  bending  and 
C-C-^  bending,  respectively.  The  prominent  vibra¬ 
tional  mode  in  the  Sj  state  of  TS  involves  the  well 
known  [16]  Wq  =  200  cm“*  progression,  which  cor¬ 
responds  to  the  C— C— ^  in-plane  bending  [17]. 

The  mass-resolved  R2PI  spectrum  of  TS  Ar  (fig.  2) 
reveals  the  electronic  origin  of  the  Sq  Sj  transition 
at  3108.4  A  (32171  cm“*).  The  red  dispersive  spec¬ 
tral  shift  Av  =  -58  ±  5  cm~^  of  the  Sq  -♦  Sj  electron¬ 
ic  origin  of  TS  induced  by  the  binding  of  an  At  atom 
is  similar  to  those  observed  for  the  origin  of  intense 
spin-allowed  transitions  in  other  aromatic  molecules, 
e.g.,  analine  [2],fluorene  [3],  anthracene  [18]  and 


Fi«.l.  Ion  current  versus  wavelength  in  the  range  3060-3110  A  for  trans-stilbene^  TVans-stilbene  at  130°C  was  seeded  into  Ar  at 
p  *  2  atm  and  expanded  through  a  pulsed  conical  nozzle  (2>  ■  0.3  mm,  t  *  3(f).  The  electronic  origin  it  marked  0-0  and  the  num¬ 
bers  labeling  the  ^ectral  features  mark  the  excess  vibrational  energiet  above  the  origin  (in  cm~' ). 
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WAVELENGTH (A) 

Fig.  2.  Ion  cunent  versus  wavelength  in  the  range  3060-3110  A  for  tran»4tjIbene'Ar*.  Experimental  conditiont  and  labeling  of 
spectral  features  as  in  flg.  1 . 


tetracene  [Ij.  The  vibrational  level  structure  of  TS-Ar 
reveals  two  types  of  vibrations: 

(A)  Intramolecular  vibrations.  An  intense  progres¬ 
sion  with  the  frequency  Wq  ®  194  cm"*  is  exhibited 
(fig.  2),  which  is  attributed  to  the  intramolecular  sym¬ 
metric  C-C-^  in-plane  bending  of  TS  in  the  TS-Ar 
complex. 

(B)  Intermolecular  vibrations.  The  spectral  feature 
at  fy  =  27  cm“*  in  TS-Ar  (fig.  2)  is  absent  in  the  bare 
TS  molecule.  The  intensity  of  this  spectral  feature  re¬ 
lative  to  the  electronic  origin  of  TS  - Ai^is  independent 
of  the  Ar  stagnation  pressure,  whereupoiritdoes  not 
correspond  to  a  hot  band  of  TS  in  the  complex.  The 
spectral  feature  is  attributed  to  an  intermolecular  vibra¬ 
tional  frequency  of  Oj  =  27  cm”l.  Model  calculations 
(2,10J  for  the  benzene -Ar  vdW  complex  reveal  that 
the  frequency  of  the  perpendicular  vibrational  motion 
of  Ar  relative  to  the  benzene  ring  is  »30  cm”* .  Accord¬ 
ingly,  we  attribute  the  <5j  =  27  cm“l  mode  in  TS-Ar 
to  the  out-of-plane  perpendicular  motion  of  the  Ar 
atom  with  respect  to  the  benzene  ring  of  TS. 

(C)  Combination  bands.  The  vibrational  excitations 
at  227  and  423  cm~l  (fig.  2)  are  assigned  to  combina¬ 
tion  (ucoq  +  (3j)  bands  of  cog  and  modes,  which 
correspond  to  Ug  -t  33  cm"*  (±1  cm"*)  and  to  2wg 
+  37  cm"*  (±I  cm"*),  respectively. 


The  most  interesting  feature  of  the  vibrational  level 
structure  of  TS-Ar  in  the  Sj  state  is  the  appearance 
of  the  (perpendicular)  intermolecular  vibration,  which 
exhibits  a  systematic  dependence  on  the  intramolecu¬ 
lar  vibrational  excitation  (vu>g),  being  <5i  =  27  cm"* 
for  i>  ®  0,  (Sj  =  33  cm"*  for  u  =  1 ,  and  <5j  =  37  cm"* 
for  0  ~  2.  We  attribute  this  nearly  linear  dependence 
of  (02  for  V  to  the  effects  of  intermode  coupling  in  a 
vdW  complex.  This  experimental  result  is  in  accord 
with  the  recent  theoretical  calculations  of  Sage  and 
Jortnei  [19],  who  considered  the  coupling  between  in- 
termoiecular  and  intramolecular  vibrations  in  a  large 
vdW  complex.  This  treatment  rests  on  the  consideration 
of  the  coupled  equations  resulting  from  the  expansion 
of  the  total  vibrational  wavefunction  in  terms  of  the 
“free”-molecule  wavefiinctions.  Application  of  van 
Vleck’s  perturbation  theory  results  in  explicit  first- 
order  and  second-order  kinetic  energy  and  potential 
energy  conections,  which  incorporate  the  energetic 
shift  of  the  intramolecular  vibration,  as  well  as  the 
intermolecular  vibrational  energies,  which  depend  on 
the  vibrstional  quantum  numbers  of  the  intramolecu¬ 
lar  modes.  Consideration  of  intermode  coupling  in  a 
simple  model  system  consisting  of  a  single  harmonic 
intramolecular  mode  coupled  to  an  intermolecular 
mode  results  in  the  energy  levels  [19]. 
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(1 +i;6),  (1) 

where  t)  and  /  are  the  vibrational  quantum  numbers 
for  the  intramolecular  and  intermolecular  modes, 
respectively.  <oq  is  the  intramolecular  vibrational  fre¬ 
quency  in  the  complex,  which  is  related  to  the  “free” 
molecule  vibrational  energy  wg  via  uq  =  cuo  (1  *  a), 
where  the  “solvent  shift”  a  originates  from  kinetic 
energy  and  potential  energy  contributions,  which  are 
due  to  the  modification  of  the  intramolecular  force 
field  by  vdW  binding,  ioj  is  the  vibrational  frequency 
of  the  intermolecular  motion  for  u  =  0,  while  6  = 
(Thtog/Skgcjj),  with  7  being  the  potential  energy 
contribution  for  the  intermode  coupling  and  kg  the 
force  constant  for  the  intramolecular  vibration.  From 
eq.  (1 )  it  is  apparent  that  the  spectral  shift  of  the  intra¬ 
molecular  vibrational  frequency  relative  to  that  of 
the  “free”  molecule  is  constant,  while  the  energy  shift 
of  the  combination  band  vl,  involving  the  intermolec¬ 
ular  mode  relative  to  uO,  is  linear  in  u.  From  the  appli¬ 
cation  of  eq.  (1)  for  the  analysis  of  our  experimental 
data  (fig.  2),  we  conclude  that; 

(1)  The  intramolecular  symmetric  C-C— ^  in-plane 
bending  vibration  is  reduced  from  cog  =  200  cm~*  in 
the  “free”  molecule  to  fjg  =  194  cm~*  in  the  com¬ 
plex.  Accordingly,  the  contribution  of  the  kinetic  and 
potential  energy  terms  is  o  *  -3.1  X  10“2.  The  spec¬ 
tral  shift  (uig  -  (Og)  is  independent  of  u,  as  is  expected. 

(2)  The  linear  dependence  of  the  experimental  inter¬ 
molecular  frequency  on  v  is  in  accord  with  the  rela¬ 
tion  wj  =  «j(l  +  uS),  eq.  (1).  The  intermode  coupling 
term  is  5  «  0.2.  This  large  value  of  6  originates  from 
the  low  value  of  ug  (or  rather  kg)  and  presumably 
also  from  the  effective  intermode  coupling  forthat 
particular  intramolecular  mode. 

A  cursory  examination  of  the  R2PI  spectra  of  TS 
and  TS' Ar  reveals  that  the  80  and  89  cm~f  vibration¬ 
al  frequencies  of  TS  (fig.  1 )  are  missing  in  the  TS- Ar 
spectrum  (fig.  2).  This  behaviour  is  in  sharp  contrast 
with  the  prominence  of  the  tog  mode  (fig.  2).  The 
“disappearance”  of  the  Sj  80  and  89  cm“f  vibration¬ 
al  excitations  in  the  R2PI  spectrum  can  be  blamed  on 
one  of  the  following  reactive  processes:  (i)  Vibratkrnal 
predissociation  (VP)  of  TS- Ar  in  the  Sj  intermediate 
state,  (ii)  VP  of  the  vibrational  excited  positive  vdW 
TS'Ar'*'  ion.  Mechanism  (i)  is  inapplicable  for  the 
problem  at  hand  as  the  vibrational  excitations  (80- 
90  cm~^)  in  the  S]  state  are  considerably  lower  than 


the  dissociation  energy  of  the  TS- Ar  vdW  complex, 
which  is  estimated  [2,10]  to  be  D  as  400  cm"*  .where¬ 
upon  the  VP  channel  is  closed  in  the  intermediate  Sj 
state.  On  the  other  hand,  the  VP  channel  is  open  in 
the  final  ionic  state.  The  adiabatic  ionization  potential 
of  TS  is  7.75  eV  [20],  whereupon  the  excess  vibra¬ 
tional  energy  of  TS  Ar*  produced  via  R2P1  by  two 
3095  A  photons  is  2250  cm"*,  being  sufficient  for  dis¬ 
sociation.  The  “disappearance”  of  the  80  and  89  cm~* 
modes  (which  will  hereinafter  be  referred  to  as  the  a 
modes)  together  with  persistence  of  the  higher  energy 
wg  =  194  cm"*  mode  in  the  R2P1  spectrum,  raises 
the  distinct  possibility  of  mode  selective  VP  of  the 
TS- Ar'*’  ion,  which  was  excited  photoselectively  to  an 
a  vibrational  state  from  an  Sj(a)  intermediate  level. 
Further  work  is  being  conducted  for  a  critical  scrutiny 
of  this  conjecture. 
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The  quantum  path-integral  molecular-dynamics  method  was  applied  to  explore  the  structure,  en¬ 
ergetics,  and  dynamics  of  an  excess  electron  interacting  with  an  alkali-halide  cluster.  Four  distinct 
modes  of  electron  localization  were  esublished,  which  depend  on  the  cluster  composition,  size,  and 
structure;  they  involve  an  internal  F-center  defect,  an  external  surface  sute,  dissociative  detach¬ 
ment  of  an  alkali  atom,  and  structural  isomerization  induced  by  electron  attachment. 


PACS  numbers:  7l.45.Nt,  36.40. -l-d,  61.20.Ja 
Structural,  electronic,  dynamic,  and  chemical 
characteristics  of  materials  depend  primarily  on  the 
state  (phase)  and  the  degree  (size)  of  aggregation. 
Small  clusters,  i.e.,  finite  aggregates  containing  3-SOO 
particles,  exhibit  unique  physical  and  chemical 
phenomena,  which  are  of  both  fundamental  and  tech¬ 
nological  significance,  and  provide  ways  and  means  to 
explore  the  “transition"  from  molecular  to  con¬ 
densed-matter  systems.'  Theoretical  studies  of  clus¬ 
ters  were  hampered  by  the  relatively  large  number  of 
particles,  which  renders  the  adapution  of  molecular 
science  techniques  rather  cumbersome,  while  the  lack 
of  translational  symmetry  inhibits  the  employment  of 
solid-state  methodology.  Molecular-dynamics  (MD) 
simulations,  consisting  of  the  generation  of  phase- 
space  trajectories  via  the  numerical  integration  of  the 
(classical)  equations  of  motion  for  a  many-particle  sys¬ 
tem,  are  particularly  suitable  for  the  study  of  the  struc¬ 
ture  and  dynamics  of  small  clusters.^' ^  In  this  context, 
localized  excess  electron  states  in  clusters*  are  of  con¬ 
siderable  interest  with  regard  to  the  (nonreactive  and 
reactive)  mechanisms  of  electron  attachment,  the  for¬ 
mation  of  bulk  or  su'face  states,  and  the  rq)e  of  the 
excess  electron  as  a  probe  for  the  interrogation*' df  the 
nuclear  dynamics  of  the  cluster.  Futhermore,  quan¬ 
tum  phenomena  are  expected  to  be  pronounced  in 
such  systems  since  the  electron  wavelength  is  compar¬ 
able  to  the  cluster  size.  In  this  paper  we  report  on  the 
structure,  energetics,  and  dynamics  of  alkali-halide 
clusters  (AHC)  studied  with  classical  MD,  and  of  elec¬ 
tron  alkali  clusten  studied  with  the  quantum  path- 
integral  MD  method  (QUPID).’"*  AHC  were  chosen 


since  the  nature  of  the  interionic  interactions  is  well 
understood  and  in  view  of  the  abundance  of  model  cal¬ 
culations  and  experimental  information  of  these  sys¬ 
tems.’  Our  QUPID  calculations  establish  four  modes 
of  localization  of  an  excess  electron  in  AHC;  (i)  an 
F-center  defect  with  the  excess  electron  replacing  an 
internal  halide  ion;  (ii)  a  new  surface  state,  i.e.,  a 
“surface  Fcenter”  of  the  excess  electron;  (iii)  dissoci¬ 
ative  electron  attachment  to  AHC  resulting  in  the  for¬ 
mation  of  an  “isolated”  alkali  atom;  (iv)  structural 
isomerization  induced  by  electron  attachment.  Our 
calculations  establish  the  compositional,  structural, 
and  size  dependence  of  these  various  localization 
mechanisms. 

The  ODPID  method*"*  was  applied  to  a  system  of  an 
electron  interacting  with  an  AHC  consisting  of  \  ions 
(N]  cations  and  N2  anions).  The  interionic  potential 
energy  within  the  AHC  is  PAHc“SM4>;y(R«),  with 
the  interionic  pair  potentials  ^u(Ru)  being  given  by 
the  Born-Mayer  potential  with  the  parameters  deter¬ 
mined  by  Fumi  and  Tosi.'®  The  electron-AHC  poten¬ 
tial  is  F,(r)- 2/«l>i7(r-R/)  consisting  of  a  sum  of 
electron-ion  potentials,  which  are  described  by  the 
purely  repulsive  pseudopotential  <I>,/(r)-eVrfor  the 
electron-anion  interaction  and  by  the  local  pseudopo¬ 
tential"  <I>,/(r)- -cVRf,  and  '!>,/(/•) 

--eVr,  r>Rc,  for  the  electron-positive-ion  in¬ 
teraction.  The  Hamiltonian  is  H“Kf+  y,  +  Aahc 
+  Pahc-  where  K,  and  'h®  kinetic-energy 

operators  for  the  electron  (mass  tn)  and  of  the  ions 
(masses  Mi-M\  and  Mi),  respectively.  Observables 
are  obtained  from  the  quantum  partition  function 
Z  -  lim,  _  « I Z, with 


Z,-Trlexp(  -  r  Aahc)®8p(  -  TA,)exp(  -t  KAHc)exp(  -  t  K,)], 
where  t  “/S/p  and  ;3  -  ( Jcj  D  " '  is  the  inverse  temperature.  If  we  make  use  of  the  free  particle  propagator"  Z,  is 

i3a/J  n  t 
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where 


;(r/)//| 


Equation  (1)  maps  the  quantum  problem  onto  the 
classical  statistical  mechanics  of  A  + 1  particles,  each 
consisting  of  a  periodic  chain  (necklace)  of  p  pseu¬ 
doparticles  (beads)  with  nearest-neighbor  harmonic  in¬ 
terchain  interactions,  whose  strengths  depend  upon 
the  masses  (m,  M\,  A/j),  the  temperature  (f),  and 
the  pseudoparticle  number  (p).  When  the  thermal 
wavelength  (Xr- O^VW/)*^*!  is  smaller  than  any 
relevant  length  scale,  the  Gaussian  factor  in  Z, 
reduces  to  a  delta  function  and  the  necklace  collapses 


to  a  classical  particle.  This  is  the  case  for  the  ionic  part 
of  our  system.  The  average  energy  of  the  system  is 
given  at  equilibrium  by 

£  -  ^  <  y^Hc)  +K,  +  p- '{  i  V.  ix,)) 

with  the  electron  kinetic  energy 

which  consists  of  the  free-particle  term  (3/2^)  and  the 
contribution  from  the  interaction  (Ai„,)  with  the 
ions.'*'  The  statistical  averages  indicate  by  angular 
brackets  are  over  the  Boltzmann  distributions  as  de¬ 
fined  in  Eq.  (1).  This  formalism  is  converted  into  a 
numerical  algorithm  by  noting'*  the  equivalence  of  the 
sampling  described  above  to  that  over  phase-space  tra¬ 
jectories  generated  via  MD  by  the  classical  Hamiltoni- 


4  4[p/w(r,-r,^.i)^ 

2  ^  2  ^  TirW 

/-I  /-I  ^  /-I 


the  mass  m*  being  arbitrary  and  taken  as  m*-  1  u. 

Numerical  simulations  were  performed  for  an  elec¬ 
tron  interacting  with  sodium-chloride  clusters  at  about 
room  temperature.  On  the  basis  of  examination  of  the 
stability  of  the  variance  of  the  kinetic-energy  contribu¬ 
tion  Afjnt,  the  number  of  “electron  beads"  was  taken 
as  p  -  399.  By  use  of  an  integration  step  of 
Ar  -  1.03x  10"  sec,  long  equilibration  runs  were  per¬ 
formed  ((l-2)x KPArl.  The  reported  results  were 
obtained  via  averaging  over  8x  lO^At,  following  equili¬ 
bration.  The  electron-ion  pseudopotential  parameters 
were  varied  by  changing  the  cutoff  radius  R,  in  the 
range  (3.22-S.29)ao.  From  QUPID  calculations  on  a 
single  Na  atom,  the  atomic  ionization  potential  is 
reproduced  (see  Table  I)  for  R,  -  5.29<2o>  which  seems 
to  be  a  too-high  value  for  the  characterizatidh^of  this 
pseudopotential.*  Therefore,  on  the  basis  of  pseudo- 
potential  parametrization  studies"  and  a  recent 
QUPID  study*  of  F  centers  in  molten  and  solid  KCI  in 
which  the  same  form  of  pseudopotential  was  em¬ 
ployed,  a  value  of  Rc-3.22aQ  (yielding  a  value  of 
-0.300S  a.u.  for  the  electron  binding  energy  to  Na*, 
see  Table  I)  is  preferred.  Fortunately,  our  conclusions 
regarding  internal  and  surface-localization  modes 
remain  unchanged  with  respect  to  reasonable  varia¬ 
tions  of  this  parameter.  In  simulations  involving  the 
electron-AHC  interaction,  different  initial  conditions 
were  employed,  two  of  which  for  the  (Naj4aijl*  sys¬ 
tem  are  portrayed  in  Figs.  1(a)  and  1(b).  The  result¬ 
ing  final  state  of  the  system  was  found  to  be  indepen¬ 
dent  of  the  initial  conditions. 

It  has  previously  been  suggested  on  the  basis  of 
zero-temperature  structural  calculations,*  and  has  been 
confirmed  by  our  classical  MD  simulations,  that  when 


!  the  size  of  the  clusters  increases  (A^  20),  the  NaCl 
cyrstallographic  arrangement  is  preferred  for  particular 
stability  for  clusters  forming  rectangular  structures 
even  if  the  number  of  positive  and  negative  ions  is  not 
equal.  Therefore,  we  have  chosen  to  study  first  the  in¬ 
teraction  of  an  electron  with  [Nai4Ci3l*  and 
{Na)4Cli2l**  clusters,  which  exhibit  pronounced  sta¬ 
bility.  In  Figs.  1(c)  and  1(e),  we  present  our  results 
(using  R,-3.22flo)  for  the  equilibrium  electron- 
charge  distribution  obtained  from  2D  projections  of 
the  necklace  edge  points,  and  for  the  nuclear  con¬ 
figuration  of  the  clusters.  In  both  cases  the  electron, 
which  starts  in  either  initial  configuration  as  shown  in 
Figs.  1(a),  Kb),  has  been  localized.  However,  two 
distinct  modes  of  electron  localizations  are  exhibited 
involving  internal  and  external  localization  for  the  dou¬ 
bly  charged  and  singly  charged  cluster,  respective¬ 
ly.  The  vacancy-containing  configuration  of  the 
lNai4Cli2l**  cluster  stabilizes  an  internally  localized 
excess  electron  state,  with  the  e  surrounded  by  six 
Na*  ions  in  an  octahedral  configuration  and  by  twelve 
Cr  ions  (Fig.  1(e))  which  is  similar  to  the  case  of  an  F 
center  in  the  extended  solid.  The  electron  affinity  of 
the  cluster  +  £,  is  obtained  by  summing  the 

electron  binding  energy 

and  the  cluster  reorganization  energy  £c"'(Fahc) 
-  (  Pahc)o>  where  <  Fahc)o  <s  the  potential  energy  of 
the  “bare”  AHC  in  the  absence  of  the  electron.  The 
ionic  configuration  of  the  e-lNauClp)**  cluster  is 
somewhat  distorted;  however,  the  gain  in  £|(- 0.249 


Volume  54,  Number  16 


PHYSICAL  REVIEW  LETTERS 


22  APRIL  1985 


TABLE  I.  Average  equilibrium  temperature  (<7')),  interionic  cluster  potential  energy  ((I'amc)).  electron  interaction 
kinetic  energy  (Aj„,),  electron  kinetic  energy  K,-3I2R+  Ki„„  e-AHC  interaction  potential  energy  ( (  V,) ),  electron  binding 
energy  (£J ),  cluster  reorganization  energy  (£^),  electron  affinity  of  cluster  (Ea  ).  and  Cartesian  components  of  the  “electron 
necklace”  gyration  radii  (Ri.R}.R}).  Atomic  units  are  used  (energy  and  ( T)  in  Hartrees,  length  in  Bohr  radii).  Variances  are 
given  in  parentheses.  Calculated  values  of  {T)  and  ( Fahc)  fof  ihe  “bare”  clusters:  [NauClu),  0.976(0.1 1 1) x  10“\ 
-3.7296;  INaMCIu)*,  0.948(0.106) x  10-\  -3.5911;  iNauClij]^*,  0.954(0.093) x  IQ-J.  -3.3151;  [NajCUi*, 
1.01  (0.38)  X  10-’, -1.0999. 

10’<7’) 

(  Fahc) 

lO’ATim 

K, 

(F.) 

£| 

Ea  Ri 

R}  R} 

e-lNaMCI,3)  + 

0.983 

-3.4856 

6.4195 

0.0657 

-0.2251 

-0.1594 

0.1055 

-0.0539  5.4 

OO 

p 

£,-3.22 

(0.035) 

(0.633) 

e-lNauClul* 

0.972 

-3.5768 

1.5182 

0.0166 

-0.0700 

-0.0534 

0.0143 

-0.0391  23.5 

23.2  55.2 

£,-5.29 

(0.031) 

(0.426) 

e-lNa,4CI,j]  +  + 

0.938 

-3.2372 

7.2203 

0.0736 
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-0.1691  4.6 

6.8  6.3 

£,-3.22 

(0.028) 

(0.767) 
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57,9  43.3 
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-1.0059 
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0.0278 
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0.0940 
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2.0  2.5 

£,-3.22 

(0.132) 

(0.582) 
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0.0369 
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£,-4.36 

(0.527) 

(0.049) 

e-Na-" 

1.084 

0.012 

0.0017 

-0.18897 

-0.1872 

£’-4.9 

£,-5.29 

(0.574) 

(0.032) 

CN«,4CI„f  +  • 

(b) 

tN«.,CI.,3'*’+  • 

(e) 

•  “ 

<e)  •  -  cnii.ci,,:'*' 

9  • 

©• 

$  » 
i 

• 

6 

©fe 

© 

-■  'Vi*;;.' 

e 

§'x; 

^  1  i 

X' 


.++ 


(•)  •  -  CN*,4CI„]' 

.  0--  @ 

P. 

©  'A 


(t)  INa.Cl.J*’  +  • 


9  ©  9 

©  9  ®  :  ;v 
.  9  ©  e  '  . 

•  ’  •  ■  f 


(g>  CNa.Cl.]  Na 


© 


© 


6.  6 


(h) 


•  -  [Na.Cl.]''' 


© 


O 

© 


© 


FIG.  1.  Ionic  configurations  and  “electron  necklace'’  distributions  for  an  excess  electron  interacting  with  sodium-chloride 
clusters.  Small  and  large  spheres  correspond  to  Na'^  and  Cl~  ions,  respectively.  Dots  represent  2D  projections  of  the  “elec¬ 
tron  beads.”  (a),(b)  Alternate  initial  configurations  of  INaiaClij]^  +  e  jin  (b)  the  cbead  is  localized  to  the  right  of  the  cluster] 
which  achieve  the  equilibrium  configurations  corresponding  to  surface  states  given  in  (c),  Rf  —  i.22of),  and  (d)  /{c-S.29ao. 
(e)  Equilibrium  configuration  of  e-fNauCluP*,  22oo,  exhibiting  an  internal  f  center,  (f)  Initial  state  of  e-lNasCl*]'*^. 
(g)  Equilibrium  configuration  of  e-lNajCUl'’^  with  R,-3.22ao  resulting  in  dissociation  of  Na.  (h)  Equilibrium  configuration  of 
e-lNasCUl*^  with  /?,-4.36ao  which  corresponds  to  structural  isomerization. 
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a.u.)  exceeds  the  loss  in  (0.0799  a.u.)  favoring 
internal  localization  (Table  I).  It  is  of  interest  to  note 
that  the  total  energy  of  e-lNauClul"*^ is  rather  close 
to  that  of  lNai4CI|3]''',  so  that  the  electron  binding  en¬ 
ergy  in  the  cluster  is  similar  to  that  of  a  negative  ion, 
analogously  to  the  situation  for  ^-center  formation  in 
(extended)  ionic  crystals,'  thus  establishing  the  domi¬ 
nance  of  short-range  attractive  interactions  in  electron 
trapping  (localization)  phenomena.  A  drastically  dif¬ 
ferent  localization  mode  is  obtained  in  the  e- 
lNai4Cli3l'*’  system  (Fig.  1(c)],  where  a  surface  state 
is  exhibited.  For  R,  —  3.22<io  the  electron  localizes 
around  an  Na'*'  surface  ion  (Fig.  I(c)],  leaving  an 
essentially  neutral  (Nai3CI|3]  cluster,  which  interacts 
with  the  (partially)  neutralized  Na  atom  mainly  via  po¬ 
larization  of  the  electron  cloud  (with  a  residual  ionic 
binding  of  -0.002  a.u.).  We  refer  to  this  state  as  a 
cluster-surface  localized  state,  which  bears  close  analo¬ 
gy  with  Tamm’s  crystal-surface  states. ’’  When  the 
pseudopotential  cutoff  R,  increases,  the  surface  state 
becomes  more  extended  (see  Fig.  1(d)  for  R, 
.-S.29ao]  (the  choice  of  an  abnormally  high  value  for 
R,  (i.e.,  S.29<io)  prevents  internal  localization  in  the 
(NauCliil cluster  since  the  internal  region  is  then 
predominantly  repulsive  (see  Table  I),  resulting  in  a 
surface  state].  A  measure  of  the  spatial  extent  of  the 
localized  electron  is  given  by  the  gyration  radius  of  the 
“electron  necklace”  R^“  (l/2/>^)(2ty(r/-ry)^), 
which  demonstrates  (Table  I)  the  enhanced  localiza¬ 
tion  in  the  ^-(NauClij]'*’ "*■  system  and  the  anisotropy 
of  the  electron  distribution  in  the  <^(Nai4Cli3]*  sys¬ 
tem.  An  estimation  of  the  extent  of  the  electron  ther¬ 
mal  wave  packet  is  obtained  also  by 
r  a  11/2 


Rr- 


which  for  a  free  electron  at  room  temperature  yields 
Rr”  V3Xr=  56oo  (Ar=:  32.34flo).  In  all  thp  calcula¬ 
tions  reported  herein  R/-  values  of  52ao-55ao  ob¬ 
tained,  i.e.,  the  same  as  the  free-electron  value  to 
within  statistical  significance  (compare  to  typical  in- 
terionic  distance  of  Saq  in  NaCI  clusters). 

In  smaller  clusters  novel  effects  of  dissociative  elec¬ 
tron  attachment  and  cluster  isomerization  induced  by 
electron  localization  will  be  manifested.  We  have 
studied  the  smallest  singly  ionized  cluster  exhibiting 
high  stability,  i.e.,  (NajCU]'*',  (^or  which  the  lowest  en¬ 
ergy  configuration  is  planar  with  four  Na'*'  ions  at  the 
corners  and  one  at  the  center  of  an  approximate 
square.'  This  cluster  possesses  an  isomeric  structure 
(less  stable  by  0.014  a.u.)  in  which  the  ions  are  ar¬ 
ranged  in  a  distorted  pyramidal  configuration.'  Adding 


an  electron  to  the  ground-state  planar  configuration  of 
(N85CI4]'*'  (with  the  Na'*'  pseudopotential  being 
characterized  by  R,  — 3.22flo)  transforms  the  system 
into  a  neutral  (Na4Cl4]  cluster  with  a  planar  ring  struc¬ 
ture  and  a  dissociated  neutral  Na  atom  (Table  I  and 
Figs.  1(0  and  Kg),  corresponding  to  the  initial-  and 
final-state  configurations,  respectively].  To  demon¬ 
strate  that  this  process  is  driven  by  the  localization  of  e 
around  a  single  Na'*'  ion,  we  have  performed  further 
simulations  by  decreasing  the  cation-electron  binding 
^trength,  taking  Rt-4.36ao‘  In  this  case,  extreme  lo¬ 
calization  is  not  sufficiently  counterbalanced  by  e  bind¬ 
ing.  Instead,  the  planar  structure  transforms  to  the 
isomeric  pyramidal  configuration  with  the  electron  lo¬ 
calized  as  a  diffuse  cloud  about  the  tip  of  the  pyramid 
(Fig.  1(h)].  Electron  localization  accompanied  by 
structural  isomerization  will  constitute  a  prevalent 
phenomenon  for  AHC  with  smaller  e-cation  binding 
energy,  i.e.,  the  heavier  alkali  metals.  In  view  of  the 
intimate  interrelationship  between  structural  isomeri¬ 
zation  and  melting  of  clusters,"  it  will  be  interesting  to 
explore  the  melting  of  such  finite  systems  induced  by 
electron  localization. 
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The  dynamics  of  excilon  trapping,  vibrational  energy  transfer  and  vibrational  predissociation  in  an  electronically  excited 
state  of  Ar,3  clusters  was  explored  by  classical  molecular  dynamics.  Two  distinct  time  scales  were  established  for  vibrational 
energy  flow,  which  result  in  a  molecular-type,  reactive  dissociation  process  of  Ar  atoms  for  this  cluster. 


The  processes  of  energy  acquisition,  storage  and 
disposal  in  clusters  are  of  considerable  interest  for  the 
elucidation  of  dynamic  processes  in  finite  systems, 
whose  energy  spectrum  for  electronic  and  nuclear  ex¬ 
citations  can  be  varied  continuously  by  changing  the 
cluster  size  [1].  In  this  context,  an  important  issue  in¬ 
volves  the  consequences  of  vibrational  excitations  of 
clusters.  Such  relaxation  processes  fall  into  two  cate¬ 
gories:  (i)  non-reactive  vibrational  energy  redistribu¬ 
tion  in  the  cluster,  which  does  not  result  in  dissocia¬ 
tion,  and  (ii)  reactive  dissociation  or  vibrational  pre- 
dissociation.  The  mechanisms  of  vibratic^al  energy 
acquisition  by  a  cluster  can  involve  coUisional  excita¬ 
tion,  optical  photoselective  vibrational  excitation  or 
electronic  excitation  followed  by  the  degradation  of 
electronic  energy  into  vibrational  energy.  In  charged 
clusters,  the  vibrational  excitation  resulting  in  both 
non-reactive  and  reactive  relaxation,  can  origiiute  from 
ionization  followed  by  hole  trapping  in  inert-gas 
clusters  [2-S]  and  from  electron  attachment  to  al¬ 
kali  halide  clusters  [6],  Information  regarding  the  re¬ 
active  consequences  of  vibrational  excitation  of  small 
neutral  clusters  in  their  ground  electronic  state  stems 
from  two  sources.  First,  molecular  dynamics  computer 
simulatwns  of  the  dissociation  of  Ar„  (n  =  4-6)  clus¬ 


ters  [7]  can  be  accounted  for  in  terms  of  the  statisti¬ 
cal  theory  of  unimolecular  reactions  [8] ,  which  im¬ 
plies  the  occurrence  of  vibrational  energy  randomiza¬ 
tion  in  small  clusters.  Second,  experimental  molecu¬ 
lar  beam  studies  of  optically  vibrationally  excited 
hydrogen-bonded  (HF)„  (n  =  2-6)  clusters  [9]  yield 
a  lower  limit  of  >10*  s“*  for  the  vibrational  predis¬ 
sociation  rate  at  the  excess  vibrational  energy  of  3000 
cm"’ ,  and  do  not  yet  provide  information  on  the 
interesting  issue  of  intramolecular  vibrational  energy 
redistribution  in  these  systems.  The  non-reactive  and 
reactive  processes  induced  by  the  degradation  of  elec¬ 
tronic  energy  into  vibrational  energy  in  clusters  have 
not  yet  been  elucidated.  An  interesting  problem  in  this 
category  involves  the  dynamical  consequences  of  ex- 
citon  trapping  in  rare-gas  clusters  (RGCs),  which  is  the 
subject  matter  of  this  note.  Extensive  information  is 
cunently  available  regarding  exciton  trapping  in  solid 
and  liquid  inert  gases  [10].  Exciton  trapping  in  the 
heavy  rare-gas  solids,  i.e.  Ar,  Kr  and  Xe,  exhibits  two- 
centre  localization,  resulting  in  the  formation  of  elec- 
tronicaUy  excited ,  diatomic  rare-gas  excimer  molecules. 
Electronic  wxcitation  of  a  RGC,  R„,  is  expected  to  re¬ 
sult  in  an  exciton  state,  which  subsequently  becomes 
trapped  by  self-localization.  Although  the  details  of 
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the  energetics  and  spatial  charge  distribution  of  exci- 
tons  in  finite  RGCs  have  not  yet  been  explored,  some 
information  can  be  drawn  from  the  analogy  with  the 
lowest  electronic  excitations  in  solid  and  liquid  rare 
gases,  which  can  adequately  be  described  [101  either 
in  terms  of  intermediate  Wannier  exciton  states  with 
large  central  cell  corrections,  or  by  strongly  perturbed 
Frenkel  excitons.  Adopting  the  latter  approach,  the 
two  lowest,  dipole  allowed,  electronic  excitations  in 
RGCs  can  adequately  be  described  in  terms  of  tightly 
bound,  Frenkel-type  excitations  with  a  parentage  in 
the  -♦  ^Pj  and  -*  ^Pj  atomic  excitations, 
which  are  modified  by  large  non-orthogonality  correc¬ 
tions  [10].  The  energetic  separation  between  these 
two  electronic  excitations  corresponds  to  the  spin- 
orbit  splitting  [10].  This  description  of  the  electronic 
excitations  rests  on  a  decidedly  molecular  description. 
An  analogous  molecular  point  of  view  [11]  is  adopted 
for  the  description  of  exciton  trapping  in  RGCs.  The 
process  of  exciton  trapping  in  the  heavy  RGCs  of  Ar, 
Kr  and  Xe  involves  the  formation  of  the  diatomic  ex- 
cimer  molecule  Rj,  which  is  characterized  by  a  sub¬ 
stantial  binding  energy  for  a  higlt  vibrational  state. 
Energy  exchange  between  the  Rj  excimer  and  the 
cluster  in  which  it  is  embedded  involves  two  processes: 

(1)  Short-range  repubive  interactions  between  the 
expanded,  Rydberg-type  excited  state  of  the  excimer 
and  the  other  cluster  atoms  result  in  a  dilation  of  the 
local  structure  around  the  excimer,  leading  to  energy 
flow  into  the  cluster. 

(2)  Vibrational  relaxation  of  the  excimer  induces 
vibrational  energy  flow  into  the  cluster. 

The  vibrational  energy  released  into  the  cluster  by 
processes  (1)  and  (2)  may  result  in  vibrational  pre¬ 
dissociation. 

We  have  explored  the  dynamic  implications  of  ex¬ 
citon  trapping  in  RGCs  by  conducting  classical  molec¬ 
ular  dynamics  (MD)  calculations  [12,13]  on  electron¬ 
ically  excited  states  of  such  clusters.  Applications  of 
MD  to  photophysical  processes  start  to  emerge.  MD 
simulations  of  photochemical  dissociation  and  radical 
bade  recombination  in  clusters  were  recently  repotted 
[  14] .  The  present  work  constitutes  an  application  of 
the  MD  technique  for  the  dynamics  of  electronically- 
vibratkmally  excited  states  of  large  systems.  As  a 
model  system  we  have  chosen  the  Ari3  cluster.  Our 
calculations  are  based  on  additive  pairwise  interactions. 
The  ground  states  of  the  RGCs  have  been  described  by 


additive  Lennard-Jones  pair  potentials,  F(r)  = 
4c((ff/r)12  _  (o/z)*],  which  are  specified  by  e  =  121 
fC  and  0  =  3.40  A  [IS].  In  the  electronically  excited 
state  the  Ar^  excimer  potential  is  represented  by  a 
Morse  curve,  F(r)  *  {exp(-2B(r/Rj  -  1)]  - 
2  exp[-5(/’//?j  -  1)]}  with  the  parameters  =  0.78 
eV,/?(  =  2.32  A  mdB  =  5.12  [16J.  An  important 
consequence  of  the  electronic  excitation  involves  the 
drastic  modification  of  the  interaction  between  the 
excimer  and  the  ground-state  atoms.  On  the  basis  of 
the  analysis  of  Xe*  -At  interactions  [  17  ] ,  the  At*  -Ar 
potential  for  each  of  the  constituents  of  the  excimer 
has  been  described  in  terms  of  a  Lennard-Jones  poten¬ 
tial  with  the  parameters  e*  and  a* .  We  have  taken  for 
the  energy  c*  =  c,  while  the  distance  scale  ratio  a  = 
d*lo  has  been  chosen  in  the  range  d  =  1 .0- 1  2.  The 
appropriate  AT*-Ar  interaction  is  characterized  by 
[I7]d=1.10-1.15,  reflecting  the  enhancement  of 
short-range  repulsive  interactions  in  the  electronically 
excited  Rydberg-type  state. 

The  ground-state  equilibrium  configuration  of  Arj3 
was  generated  foUowing  a  lengthy  equilibration  (5  X 
10^  integration  steps)  at  a  temperature  r=  24  K, 
which  is  lower  than  the  melting  temperature  (  T  %  40 
K)  [18-20]  of  this  cluster.  We  find  that  at  this  tem¬ 
perature  the  Ari3  cluster  assumes  the  icosahedron 
structure,  which  is  in  accord  with  previous  results  (20, 
21].  Electronic  excitation  was  performed  on  a  par¬ 
ticular  equilibrated  ground-state  cluster  configuration. 
The  electronic  excitation  was  achieved  (at  the  time  t 
=  0)  by  the  instantaneous  switching  on  of  the  excimer 
potential  between  a  pair  of  atoms  and  of  the  Ar*-Ar 
potentials  between  the  excimer  and  the  ground-state 
atoms.  We  have  adopted  a  local  picture,  disregarding 
the  effects  of  electronic  energy  transfer  within  the 
cluster. 

A  fifth-order  predictor-corrector  method,  which 
constitutes  a  very  accurate  version  of  the  MD  algorithm 
(22)  has  been  used.  The  time  increment  in  the  ground 
state  was  Ar  =  1 .6  X  lO"'^  $.  The  larger  forces  and 
the  abrupt  velocity  changes  in  the  system  following 
electronic  excitation  require  shorter  time  increments. 
Accordingly,  we  have  used  Ar  *  1 .6  X  10'*®-5.0 
X  10~l^  s  in  this  electronically  excited  state.  In  all 
our  MD  calculations  conservation  of  energy  prevailed 
with  an  accuracy  of  1  ppm. 

In  figs,  la  and  lb  we  show  an  overview  of  the  dy¬ 
namics  of  the  nuclear  motion  following  the  electron- 
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Fig.  1.  Time  dependence  of  interatomic  distances  in  the  electronically  excited  Arjj  cluster.  The  insert  shows  the  ground-state 
equilibrium  structure  at  24  K.  The  labelling  of  atoms  is  indicated.  The  dashed  atoms  7  and  1 3  form  the  excimer.  Distances  are  in 
units  of  a.  The  Ar*-Ar  interaction  is  characterized  by  a  -  1.20.  (a)  Interatomic  distances  within  the  excimer  and  between  the 
excimer  atoms  and  some  ground-state  atoms,  (b)  Interatomic  potentials  between  some  ground-state  atoms. 

V 

ic  excitations,  which  is  expressed  in  terms  of  the  inter-  gy  flow  on  the  cluster  dissociation  was  inferred  by 
atomic  distances.  The  excimer  exhibits  a  large-am-  considering  the  composition  and  the  energetics  of  the 

plitude  motion  in  a  highly  excited  vibrational  state,  “main  fragment”,  i.e.  the  fragment  which  consists  of 

while  all  the  other  interatomic  distances  increase,  in-  the  excimer  together  with  ground-state  atoms,  with  all 

dicating  the  initiation  of  the  escape  of  the  ground-state  the  nearest-neighbour  separations  being  smaller  than 

cluster  atoms.  Insight  into  the  energy  flow  from  the  3o,  beyond  which  all  interatomic  interactions  are 

excimer  into  the  cluster  is  obtained  from  the  time  negligibly  small.  The  total  energy  within  the  main 

dependence  of  the  kinetic  energy  (KE),  the  potential  fragment  was  partitioned  into  two  separate  contribu- 

energy  (PE)  and  the  total  energy  of  the  excimer  (fig.  tions:  (i)  the  energy  of  the  “reaction  centre”,  which 
2).  The  strong  oscillations  in  the  PE  and  KE  clearly  consists  of  the  excimer  PE  and  KE  together  with  half 

indicate  the  persistence  of  the  vibrational  excitation  of  the  sum  of  the  potential  energy  of  the  Ar*-Ar  in- 

of  the  excimer  over  a  long  time  scale.  Further  detailed  teractions,  and  (ii)  the  energy  of  the  “bath  subsystem”, 

information  concerning  the  implications  of  this  ener-  which  involves  the  KE  of  the  ground-state  Ar  atoms. 
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Fig.  2.  Time  dependence  of  the  potential  energy  (PE),  the 
kinetic  energy  (KE)  and  the  total  energy  (TE)  of  the  bare 
excimer  in  At  13  (d  =  1.20).  Energies  ate  given  in  units  of  e. 


the  potential  energies  of  the  Ar-Ar  interacYions  and 
haJf  of  the  sum  of  the  potential  energies  of  the  Ar*- 
Ar  interactions.  The  time  evolution  of  the  various 
contributions  to  the  total  energy  (fig.  3)  portray  the 
energy  flow  from  the  excitation  centre  into  the  “bath”. 
However,  the  energy  per  atom  does  not  equilibrate. 
Discontinuities  (i.e.  “steps”)  in  the  energy  plots  of 
fig.  3  mark  the  dissociation  of  the  main  fragment,  with 
the  decrease  of  the  total  energy  corresponding  to  the 
KE  of  the  ground-state  atoms  dissociating  from  it.  A 
cursory  examination  of  the  time  evolution  of  the  com¬ 
position  of  the  main  fragment  (fig.  3)  clearly  indicates 
that  the  mqor  fragmentation  process  involves  the  se¬ 
quential  stepwise  dissociation,  i.e.  “evaporation”,  of 
single  ground-state  atoms  from  the  main  fragment.  The 


escape  of  the  excimer  from  the  main  fragment  has  not 
been  encountered.  The  dissociation  process  is  domi¬ 
nated  by  the  magnitude  of  the  excited-state  potential 
scale  parameter  a.  For  realistic  values  [17]  of  d  = 
1.10-1.15,  the  threshold  for  cluster  dissociation  is 
exhibited  on  the  time  scale  of  ^2-20  ps  (fig.  4).  In 
an  extreme  case,  when  extra  excited-state  repulsive  in¬ 
teractions  are  switched  off,  i.e.  when  0  =  1 .20,  the 
onset  for  dissociation  is  exhibited  on  the  1  ps  time 
scale  and  is  complete  within  10  ps. 

From  these  MD  results  the  following  picture  con¬ 
cerning  vibrational  energy  flow  and  reactive  dynamics 
of  the  Arjj  cluster  emerges.  The  temporal  persistence 
of  the  vibrational  excitation  of  the  excimer  (fig.  2) 
and  of  the  “reaction  centre”  (fig.  3)  corresponds  to  a 
“mode  selective”  excitation  of  the  excimer,  with  vibra¬ 
tional  energy  redistribution  within  the  cluster  being 
precluded  by  two  effects.  First,  the  difference  in  the 
characteristic  frequencies  of  the  (high  frequency) 
dimer  motion  and  the  (low  frequency)  motion  of  the 
cluster.  Second,  the  local  dilation  of  the  cluster  struc¬ 
ture  around  the  excimer,  which  is  induced  by  the 
short-range  excimer-cluster  repulsive  interactions. 

The  vibrational  energy  flow  from  the  dimer  into  the 
cluster  (figs.  2  and  3)  consists  of  two  stages. 

(A)  Ultrafast  vibrational  energy  transfer  due  to 
repulsion,  which  occurs  on  the  time  scale  of  ^200  fs 
(figs.  2  and  3).  This  energy  transfer  process  is  domi¬ 
nated  by  the  magnitude  of  the  scale  parameter  o,  being 
prominent  for  a  -  1.10-1.20,  with  the  amount  of 
energy  transferred  from  the  excimer  to  the  cluster 
decreasing  with  decreasing  o  in  the  range  0  =  1 .20- 
1.10,  while  the  characteristic  time  scale  for  the  pro¬ 
cess  is  practically  invariant  with  respect  to  changes  of 
a  in  this  narrow  range.  For  d  =  1 .00  this  process  is 
switched  off. 

(B)  “Slow”  energy  transfer  on  the  time  scale  of 
tens  of  picoseconds  (for  a  =  1 .20)  and  up  to  hundreds 
of  picoseconds  (for  o  =  1 .00)  due  to  vibrational  re¬ 
laxation  of  the  excimer. 

The  dynamics  of  the  cluster  induced  by  these  ener¬ 
gy  transfer  processes  involves  reactive  vibrational  pre¬ 
dissociation,  as  is  apparent  from  figs.  3  and  4.  This 
state  of  affairs  is,  of  course,  drastically  different  from 
that  encountered  in  infinite  systems,  where  a  non¬ 
reactive  process  prevails  when  the  phonon  modes  of 
the  system  are  excited.  A  cursory  examination  of  the 
dissociative  dynamics  (fig.4)  of  the  Arj3  cluster  fol- 
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Fig.  3.  Time  evolution  of  fragmentation  dynamics  of  the  electronically  exci  'd  {Ar)ij  cluster  (o  =  1.15).  (A)  Total  energy  of  the 
main  fragment.  (B)  Total  energy  of  the  "bath  subsystem”.  (C)  Total  energy  of  the  “reaction  centre”.  (D)  Kinetic  energy  of  the 
dissociated  atoms.  (E)  Number  of  atoms  in  the  main  fragment.  The  steps  in  curves  (A),  (D)  and  (E)  mark  the  stepwise  dissociation 
of  individual  Ar  atoms  from  the  main  fragment. 


lowing  excimer  formation  indicated  that  two  reactive 
processes  prevail. 

(C)  A  fast  stepwise  “evaporation”  of  Ar  atoms  is 
exhibited  on  the  time  scale  of  «=  10  ps. 

This  process  is  induced  by  the  energy  transfer 
process  (A).  Subsequently,  an  additional  reactive 
process  appears  (fig.  4),  which  involves: 

(D)  Slower  vibrational  predissociation  ^  As  atoms 
on  the  time  scale  >10  ps.  This  dissociative  process  is 
induced  both  by  energy  transfer  processes(A)  and  (B). 

It  is  imperative  to  note  that  the  short-time  “explo¬ 
sion"  of  the  electronically  excited  cluster  is  induced 
by  energy  transfer  due  to  short-range  repulsive  inter¬ 
actions.  When  these  interactions  are  switched  off  by 
taking  5  =  1 .00,  only  mechanism  (B)  is  operative  for 
vibrational  energy  flow  into  the  cluster  and  the  cluster 
dissociative  process,  which  again  occurs  by  stepwise 
"evaporation”  occurring  on  the  time  scale  of  100- 
1000  ps.  The  appropriate  excited-state  repulsive  phys¬ 
ical  parameter  characterizing  excimer-cluster  inter¬ 
actions  in  RGCs  is  d  =  1,10—1 .20,  and  we  expect  the 
occurrence  of  energy  flow  predissociation  induced  by 
excited  repulsive  interactions  to  occur  on  the  time 


Fig.  4.  The  time  evolution  of  the  fragmentation  of  the  elec¬ 
tronically  excited  {Ar)j3  cluster  (o  =  1 .10).  Note  the  sequen¬ 
tial  “evaporation”  of  the  single  grond-state  Ar  atoms. 


scale  10  ps.  These  predictions  have  not  yet  been 
subjected  to  an  experimental  test. 

We  conclude  this  analysis  of  molecular  dynamics 
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in  electronically  excited  states  of  RGCs  with  several 
comments.  Firstly,  a  new  mechanism  of  ultrafast 
vibrational  energy  flow  induced  by  short-range  repul¬ 
sions  has  been  documented.  This  mechanism  will  be 
of  considerable  importance  for  energy  exchange  be¬ 
tween  an  extravalence  (Rydberg)  excitation  and  a 
cluster.  Secondly,  in  small  (n=  13)  clusters  the  con¬ 
sequences  of  vibrational  energy  flow  into  the  cluster 
involve  a  reactive  dissociative  process.  Reactive  vibra¬ 
tional  predissociation  manifests  the  dynamic  conse¬ 
quence  of  vibrational  energy  flow  into  small  clusters. 
Another  extreme  situation  corresponds  to  infinite 
systems,  where  non-reactive  vibrational  energy  redis¬ 
tribution  prevails.  It  will  be  extremely  interesting  to 
increase  the  cluster  size  to  establish  the  “transition” 
from  reactive  vibrational  predissociation  and  “non¬ 
reactive”  vibrational  excitation  of  the  cluster  modes. 
Recent  MD  simulation  on  the  dynamics  of  Arn  Xe^ 
and  Arj3Xe2  clusters  have  established  the  “transition” 
from  the  reactive  molecular-type  behaviour  in  small 
clusters  to  the  solid -state-type  non-reactive  behaviour 
in  the  large  cluster  [23].  Thirdly,  the  Arji  Ar^  elec¬ 
tronically  excited  cluster  provides  an  example  of  a 
system  where  “statistical”  vibrational  energy  redistri¬ 
bution  does  not  occur.  The  “mode  selective”  excita¬ 
tion  of  the  excimer  in  the  cluster  constitutes  a  nice 
example  for  the  violation  of  vibrational  energy  equi- 
partitioning  in  a  large  finite  system. 
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The  quantum  path  integral  molecular  dynamics  method  was  applied  to  studies  of  excess  electron  localization  by  a  Na'  ion  and 
by  a  NaCI  molecule.  Spatial  and  energetic  characterization  of  the  ground  state  of  the  excess  electron  compare  favorably  with 
results  of  model  potential  calculations  for  Na  and  with  SCF  Cl  calculations  for  NaCI  ~ . 


1.  Introduction 

The  properties  of  an  excess  electron  in  condensed 
matter  systems  (1-3]  and  in  finite  clusters  (4)  are 
of  fundamental  importance.  Excess  electron  states  in 
dense  fluids  [5-7]  and  in  clusters  (8)  have  recently 
been  explored  using  the  quantum  path  integral  for¬ 
mulation  of  statistical  mechanics  [9,10]  utilizing  the 
quantum  path  integral  molecular  dynamics  method 
(QUPID)  [5-10],  as  well  as  the  Monte  Carlo  tech¬ 
nique  [II].  While  extensive  data  are  avai|able  con¬ 
cerning  excess  electron  states  in  fluids  *(i-3], 
experimental  information  concerning  excess  elec¬ 
tron  in  clusters  [4]  is  meagre.  Recent  computer  sim¬ 
ulations,  which  demonstrated  IBc  energetic  stability 
of  a  localized  electron  state  and  the  possibility  of  iso¬ 
merization  induced  by  electron  localization  in  alkali 
halide  ionic  clusters  [8],  are  not  yet  amenable  to 
confrontation  with  experiment.  In  this  note  we  apply 
the  QUPID  method  to  electron  binding  to  two  sim¬ 
ple  systems,  which  involve  the  elementary  ingredi¬ 
ents  of  the  alkali  halide  (AH)  system  used  in  previous 
studies  [8],  i.e.  a  Na^  ion  and  a  NaG  molecule.  These 
calculations  were  undertaken  to  demonstrate  that  one 
can  obtain  quantitative  information  for  the  energet¬ 
ics  and  for  the  charge  distribution  of  an  excess  elec¬ 


tron  attached  to  small  ionic  systems,  establishing 
confidence  in  the  QUPID  method  in  conjunction 
with  the  pseudopotential  formalism  [12-14]  for 
electron-ion  interactions,  and  thus  providing  reli¬ 
able  results  for  electron  localization  in  ionic  clusters 
[8], 


2.  Methodology 

The  QUPID  method  was  used  to  simulate  an  elec¬ 
tron  interacting  with  a  Na*  ion  or  with  a  NaG  (AH) 
molecule.  While  the  heavy  atoms,  whose  thermal 
wavelength  is  very  small,  are  reasonably  treated  by 
classical  mechanics,  a  quantum  treatment  is  essen¬ 
tial  for  the  electron.  The  partition  function  Z  for  a 
single  electron  in  the  external  potential  of  the  ions  K 
is 

Z=Tr[cxp(-^//.)]  ,  (1) 

where  H,=K^+  is  the  electron  kinetic  energy 
and  fi=\/kT.  An  approximate  expression  for  the 
partition  function,  which  is  amenable  to  numerical 
computations,  can  be  obtained  [10]  through  the  use 
of  Trotter’s  formula  and  the  free-particle  propagator 
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in  coordinate  representation,  yielding 
Z«TrIexp( -fiKJF)  exp( -fiV'JP)]'' 

(  Pm 

x|...  I  dr,  ...dr,.cxp[-^K;fr(»’i  .  (2) 

where  m  is  the  mass  of  the  electron  and  the  effective 
potential  is 


The  external  potential  K  incorporates  the  elec¬ 
tron-ion  interactions  corresponding  to  the  e-Na* 
interaction  for  Na  and  the  sum  of  e-Na  and  e-CI  ‘ 
interactions  for  the  NaCI“  system.  Core  exclusion 
effects  are  very  important  for  the  e-Na^  interaction 
and  are  dealt  with  through  a  local  pseudopotential, 
which  can  be  replaced  by  a  two-parameter  simple 
model  potential  [13,14],  The  e-Na*  model  poten¬ 
tial,  for  the  electron  chain  is  [  14] 


-_1  y 

^  P.hr,^ 


=  -  p  I  ’  '■-A^^c 


(4) 


ing  that  the  polarizability  contribution  was  not 
incorporated  in  the  e-Na*  potential,  eq.  (4),  as  the 
model  potential  parameters  were  chosen  to  fit  the 
spectroscopic  data. 

For  the  interaction  between  the  ions,  two 
model  potentials  were  used.  In  the  simplest  form  the 
interaction  is  a  sum  of  the  Coulomb  attraction  and 
the  Bom-Mayer  repulsion  with  the  parameters  A  and 
p  given  by  Fumi  and  Tosi  ( FT )  [  1 5  ] , 

+'^AH  cxp(  — •  (6) 

The  second  form  for  the  interionic  potential  is  based 
on  a  truncated  Rittner  model,  which  was  developed 
by  Brumer  and  Karplus  (BK)  [16],  It  accounts  for 
the  charge-induced-dipole  interaction  via  effective 
ionic  polarizability  Oh  and  of  the  anion  and  the 
cation,  respectively,  and  for  the  van  der  Waals 
attraction  at  short  distances.  The  potential  parame¬ 
ters  A',p'  and  c  were  given  by  BK  [  1 6] 

+  exp(-^AH''p') 

—  ^(6*A  +  <Th)/2/?aH  —  •  (7) 

The  average  energy  of  the  electron  is  evaluated  at 
thermal  equilibrium  from  the  exact  relation 

E,=  -d\nZ/dfi ,  (8) 

resulting  in 

Ee  =  K.E,-bPEe.  (9) 


where  Be  i»  a  cutoff  radius  and  0  is  the  Heaviside 
step  function.  ForNa*  we  take  Rc  =  3-22  au  (14). 

The  e-CI '  interaction,  F,.h.  is  modelled  by  a  Cou¬ 
lomb  repulsion  from  the  closed-shell  anion  and  thus 
the  core  exclusion  contribution  is  expecteiHo  ^  very 
small.  The  Coulomb  interaction  is  complemented  by 
the  electron-induced  polarization  interactions,  which 
is  operative  at  distances  larger  than  the  ionic  radius. 
Rf,  of  the  Cl'  ion,  and  is  corrected  for  the  "self- 
energy”  of  the  induced  dipole.  This  core  polarizabil¬ 
ity  contribution  accounts  for  electron  correlation 
effects. 


1  ’’  ^ 

r  ,=  i  r,H 


(5) 


where  is  the  anion  polarizability.  We  note  in  pass- 


where 

and 

PE^=  ^  X  Kifi  •••  r,-)  .  (10b) 

r  I 

KE,.  is  the  kinetic  energy  and  PE,,  represents  the 
potential  energy  of  the  electron.  An  estimator  for  the 
kinetic  energy,  which  avoids  the  errors  incurred  by 
the  subtraction  of  large  quantities  was  advanced  by 
Herman  etal.  [17], 
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The  kinetic  energy  of  the  electron  consists  of  the  free 
particle  term  and  the  kinetic  energy  of  interaction 
with  the  ions.  Together  with  the  energies  of  the  clas¬ 
sical  particles,  the  energy  of  the  system  is 

E=WI2fi 

+  <^'A„>-I-KE.+  <K,^>-|.<^',„>.  (12) 

The  averages,  which  are  denoted  by  the  angular 
brackets,  are  taken  over  the  Boltzmann  distribution 
as  defined  by  eqs.  (2)  and  (3).  In  the  classical  iso¬ 
morphism  the  statistical  ensemble  averages  can  be 
replaced  by  averaging  over  trajectories  generated  via 
classical  molecular  dynamics  by  the  Hamiltonian 

H=  f  m*r 

/=  I 

+  +  +  KtA+  feH+ 

P  py^ 

+  I 

i^t  In  p 

Since  the  equilibrium  thermodynamic  averages  do 
not  depend  on  the  masses  which  appear  in  the  kinetic 
energy  term  for  the  pseudo-particles,  an  arbitrary 
mass  can  be  assigned  to  m*.  We  note  that  the  trajec¬ 
tories  in  the  QUPID  method  do  not  correspond  to 
the  real-time  dynamical  evolution  of  the  system  and 
the  method  is  limited  to  the  calculation  of  equilib¬ 
rium  properties. 


3.  Numeilcal  procedure  V 

The  preparation  of  the  systems  in  thermal  equilib¬ 
rium  ( SO  K)  consisted  of  several  stages.  Initially,  the 
electron  bead  particles  {P=  998 )  which  were  distrib¬ 
uted  over  a  sphere  around  the  Na^  (or  the  NaCl), 
were  allowed  to  approach  the  ion(s),  while  the  kinetic 
energy  was  controlled.  Then,  constant  energy  trajec¬ 
tories  for  the  MD  Hamiltonian  (eq.  (13))  were  gen¬ 
erated  for  a  large  number  of  integration  steps  (5x10* 
in  Na  and  7.Sx  10*  in  NaG~ )  before  averaging  was 
performed  over  the  subsequent  integration  steps 
(2x10*  in  Na  and  5x10*  in  NaCI").  Energy  was 
conserved  in  all  runs,  to  better  than  0.05%  over  10’ 
integration  steps. 


Table  I 

QUPID  calculations  for  Na*  +e.  Potential  energy  (PE),  kinetic 
energy  (KE)  and  total  binding  energy  (BE)  of  an  electron  to  a 
Na '  ion  compared  with  the  experimental  ionization  potential 
(IP)  of  a  sodium  atom.  The  energy  variance  is  given  in  parenthe¬ 
ses.  All  energies  are  given  in  hartree  units 


PE 

KE 

BE 

IP  experiment 

-0.2504 

0.0657 

0.1847 

0.1889 

(0.0003) 

(0.008) 

(0.008) 

eq.(M) 

-0.2504 

0.0654 

0.1850 

(0.0003) 

(0.0001) 

(0.0004) 

•'See  ref.  (18). 


4.  Results  and  discussion 

4.1.  e+Na* 

The  calculated  energies  for  the  binding  of  the  elec¬ 
tron  at  SO  K  are  given  in  table  I .  The  kinetic  energy 
value  using  the  estimator  given  in  eq.  (1 1 ),  is  more 
accurate  than  that  obtained  from  eq.  ( 1  Oa ) ,  in  accord 
with  previous  results  [8,11].  The  binding  energy 
compares  well  with  the  experimental  results  and  with 
conventional  quantum-mechanical  calculations  [19] 
and  pseudopotential  calculations  [13],  inspiring 
confidence  in  the  QUPID  method  and  the  model 
potential  which  was  employed  for  the  alkali- 
ion-electron  interaaion.  In  fig.  la  we  show  a  snap¬ 
shot  of  the  electron  bead  particles  projected  on  a  2D 
plane,  exhibiting  a  uniform  spherical  distribution 
around  the  sexlium  ion.  The  normalized  radial  dis¬ 
tribution  for  the  positions  of  the  pseudo-particles 
(beads)  around  the  Na"  is  given  by  the  probability 
distribution  function 

«('■)=  ^ I 

where  n(r,  Ar)  is  the  number  of  pseudo-particles  in 
a  shell  of  radius  r  and  thickness  Ar,  centered  around 
the  ion.  g{r)  is  compared  with  numerical  informa¬ 
tion  for  the  Hartree-Fock-Slater  radial  3s  wavefunc- 
tion  for  the  valence  electron  in  sodium  [  19].  In  fig. 
2  we  show  the  histogram  of  the  averaged  radial  dis¬ 
tribution  of  the  bead  particles  along  with  the  3s  prob¬ 
ability  distribution  for  the  Na  atom. 

The  extent  of  localization  of  the  electron  is  closely 
related  to  the  distribution  of  distances  between  the 
pseudo-particles,  which  represent  points  on  the  eiec- 
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Fi(.  I .  Snapshots  of  the  electron  bead  particles  projected  on  a  2D 
plane,  (a)  e  +  Na*.  (b)  e  +  NaO.  The  laije  open  circles  corre¬ 
spond  to  the  cutoff  radius  in  the  local  model  potential  for  the 
Na*  core  and  for  the  ionic  radius  in  Cl".  The  lower  circle  corre¬ 
sponds  to  the  G  ~  anion. 

Iron  path.  We  can  estimate  the  “breadth”  of  the 
quantum  particle  by  examining  moments  of  the 
pseudo-particle  distribution.  We  define 

(  p  p 


Fig.  2.  Histogram  of  the  calculated  radial  distribution  for  the 
electron  bead  panicles  for  e-t-Na'*.  The  probability  distribution 
for  the  3s  orbital  in  Na  from  a  Hanree-Fock  calculation  [19]  is 
given  by  the  dashed  line. 


which  for  a  free  electron  with  the  distances  between 
pseudo-particles  obeying  Gaussian  statistics  yields 
where  is  the  thermal  wave¬ 

length  of  the  electron.  At  50  K,  At%80  Oo  and 
/?T=  120  flo.  being  close  to  the  value  of  Rj=  1 36  ao, 
which  we  find  for  the  e-Na*  system.  The  interac¬ 
tions  of  the  quantum  particle  with  the  ions  tend  to 
confine  the  pseudo-particle  chain  to  a  “localized 
form”.  The  second  moment  of  the  bead  distribution 
is  proportional  to  the  gyration  radius  of  the  chain; 

05) 

We  have  found  /J,=4.53±0.04  Oq  with  the  three 
components,  2.64  ±0.05  Oq,  /{^,  =  2.66  ±0.4  Oq 

and  2.55  ±  0. 1 2  Oq,  exhibiting  an  isotropic  elec¬ 
tron  distribution  centered  around  the  ion.  The  value 
for  is  considerably  lower  than  At- 
The  compression  of  the  pseudo-particle  chain 
(degree  of  localization)  can  be  analyzed  in  terms  of 
the  self-pair  time-correlation  function  [20]: 

/J^(f-f')  =  <|r(0-r(/')l'>  .  (16) 

/?( f  -  f  ’ )  is  the  rms  value  of  the  displacement  between 
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TIME  I^Sli) 


Fig.  3.  The  self-pair  time-correlation  function.  The  values  of 
R{i-i')in  normalized  to  the  corresponding  characteristic  length 
R(Pm).  (a)e  +  Na‘,(b)e-i-NaCI. 

two  points  on  the  electron  path  separated  by  an 
imaginary  time  increment  The  char¬ 

acteristic  size  of  such  a  chain  is  given  by  R(fifi/2) 
(20].  A  localized  configuration  of  the  qualitum  par¬ 
ticle  chain  corresponds  to  a  pronounced  deviation  of 
R  from  the  free-particle  value.  We  have  found  that 
R{PfiJ2)  =  2.5'i  Oo,  whereas  Rrn^=  (})”-( 

«69  Oq.  Accordingly,  the  localization  condition  is 
well  met,  as  is  expected.  In  fig.  3a  we  plot  R(f-i’) 
versus  time.  For  a  localized  state,  fluctuations  in 
R(t-l')  are  inhibited  due  to  the  dominance  of  the 
ground-state  contribution,  yielding  independence  of 
R(i-t')  on  f,  except  for  small  intervals  of  magnitude 
T  near  0  and  pti.  The  range  of  variation  of  R(t-t') 
at  the  edges  of  the  interval  (in  fiti  units)  is  equal  to 
the  reciprocal  of  the  mean  excitation  energy  to  the 
manifold  of  the  excited  states,  i.e.  mainly  to  the  first 
excited  state.  We  have  found  this  mean  excitation 


energy  to  be  2.1  ±0.2  eV,  which  agrees  favorably  with 
the  experimental  values  2.102  and  2.104  eV  for  the 
lowest  electronic  excitations  of  Na. 

4.2.e+NaCl 

The  binding  energy  of  the  electron  to  the  NaCI  dia¬ 
tomic  molecule  was  calculated  by  taking  the  differ¬ 
ence  between  the  total  energy  of  NaCl“  and  of  NaCl. 
The  calculated  energies  and  equilibrium  distances  are 
given  in  uble  2  for  NaQ"  and  in  table  3  for  NaCl. 
The  calculations  for  the  NaCl  molecule  were  per¬ 
formed  by  classical  MD.  We  have  found  the  calcu¬ 
lated  excess  electron  binding  energy,  i.e.  the  electron 
affinity  of  NaCl  to  be  in  the  range  EA  =  0.9-1.0  eV 
with  an  uncertainty  of  ±0.1  eV.  The  equilibrium 
distance  of  NaQ"  is  calculated  to  be  /?e=4.66-4.84 
Uo-  The  electron  affinity  calculation  of  Jordan  et  al. 
for  NaCl”  in  an  unrestricted  Hartree-Fock  method 
(22)  resulted  inEA  =  0.65  eV  for  the  equilibrium  ion 
separation  /?e  =  4.74  Oq.  The  agreement  between  the 
Hartree-Fock  result  (22)  and  ours  for  EA  and  for  R^ 
is  as  good  as  can  be  expected  in  view  of  the  uncer¬ 
tainties  inherent  in  both  the  self-consistent  field 
method  and  in  our  use  of  simple  model  potentials. 


Table  2 

QUPID  calculations  for  NaO-e.  Kinetic  energy  ( KE ).  potential 
energy  ( PE ) .  total  energy  ( )  for  the  classical  ions  and  for  the 
electron.  Under  electron  K„,  and  KE  arc  the  kinetic  energies 
according  to eqs.  (1 1 ).  (10).  respectively.  Total  energy  of  NaO  +  e 
(£„„)  and  the  binding  energy  for  the  electron  ( BE ) .  Equilibrium 
distance  (R,).  Numbers  in  parentheses  represent  the  standard 
deviation.  Energies  in  hartrees  and  distance  in  a„.  r=  50  K 


BK(eq.  (7))  FT  (eq.  (6)) 

ions 

KE 

3.3x10 

M2X10'')  5x10 

"  (2x10  ■•) 

PE  - 

0.1953 

(6x10  *)  -0.147 

(1x10  ’) 

^io1 

0.1950 

(8x10  *)- 0.196 

(1x10  ') 

electron 

KE„, 

0.048 

(3x10')  0.0497 

(3x10  ’) 

KE 

0.048 

(9x10  ')  0.0496 

(8x10  ’) 

PE  - 

0.085 

(2x10  ’)  -0.0900 

(2x10’) 

^tOI  ** 

0.037 

(5x10-’)  -0.0410 

(5x10  ’) 

NaCl -re 

^IO»  ** 

0.232 

(5x10  ’)  -0.2374 

(6x10’) 

BE 

0.034 

(5x10’)  0.0382 

(6x10  ’) 

R, 

4.66 

(4x10-’)  4.84 

(7x10’) 
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Table  3 

Molecular  dynamics  calculations  for  NaCI.  Potential  enerty  (PE),  kinetic  energy  (KE),  total  energy  (£,,„)  and  equilibrium  distance  R... 
Numbers  in  parentheses  represent  the  standard  deviation.  Energies  in  harlrees.  Rc  in  Oo-  The  experimental  data  [21  ]  are  given  for  a 
monomer  in  low-pressure  gas  phase  ( r«9S0  K) 


PE 

KE 

R. 

FT(eq.  (7)) 
r=50K 
r=950K 

-0.1975098  (5x10  ’) 
-0.19750  (IxlO  ’) 

7.94x10  ‘(4x10  ’) 
0.001500  (  6X10  ») 

-0.1974304  (9x10  ’) 
-0.19600  (2x10-’) 

4.370 

4.38 

X  X 

o  o 

BK(eq.(8)) 

T=50K 

r=950K 

-0.1992323  (5x10  ’) 
-0.19922  (1x10  ’) 

7.99x10  ‘  (4x10  ’) 
0.00150  (1x10  ‘) 

-0.1991524  (9x10  ’) 
-0.19772  (2x10-’) 

4.550 

4.56 

(5  xlO  ') 
(1.6x10-’) 

experimental 

- 

- 

-0.2047 

4.4598 

Using  the  BK  potential  we  estimate  the  relative  con¬ 
tributions  of  the  various  components  to  the  energy 
of  NaQ,  with  the  Bom-Mayer  interactions  account¬ 
ing  for  %  90%,  the  chaige-polarizability  interactions 
being  %9.S%,  while  the  van  der  Waals  interaction 
contributions  contributing  «0.S%  to  the  PE  of  the 
ions.  For  the  electron-NaCI  interactions,  the  Cou¬ 
lomb  interaction  accounts  for  %  98%,  and  the  induced 
polarization  interaction  yields  «2%  of  the  potential 
energy  of  the  electron.  The  electron  kinetic  energy 
consists  of  a  %  95%  contribution  from  the  Coulomb 
terms,  4.5%  from  the  induced  dipole  interaction  and 
%0.5%  from  the  free-particlc  kinetic  energy. 

In  fig.  lb  we  show  a  snapshot  of  the  electron  chain 
of  pseudo-particles  projected  on  a  2D  plane.  In  fig.  4 
we  show  the  radial  distribution  of  the  electron  bead 
around  the  Na  *  ion  and  around  the  G  ~  ion.  It  is 
evident  that  the  electron  is  mainly  localized  around! 
the  Na*  ion,  being  strongly  repelled  frbm  the  Cl” 
core,  as  expected.  The  gyration  radius 
5.23-5.03  ±  0.05  Oq  is  larger  than  the  gyration  radius 
for  the  3s  electron  in  Na.  The  radial  distribution 
exhibits  a  peak  at  a  larger  distance  from  the  core  of 
the  Na*  ion  relative  to  the  3s  electron  in  Na. 
R(/tfi/2)  «2.75  Oq  is  much  smaller  than  2^.  Thus  the 
localization  condition  is  well  met,  as  is  evident  from 
fig.  3b,  where  we  show  R(l-l')  versus  time. 

We  conclude  that  NaCl~  constitutes  a  relatively 
stable  molecule,  which  is  in  accord  with  the  SCF  cal¬ 
culations  [22].  The  electron  distribution  possesses 
cylindrical  symmetry  with  the  intermolecular  bond 
direction  a  the  axial  symmetry  direction.  The  elec¬ 
tron  distribution  is  peaked  behind  the  Na*  and  away 


Fig.  4.  Histograms  of  the  radial  distribution  in  the  e-i-  NaCI  sys¬ 
tem  for  the  electron  bead  particles  around  the  Na'  core  (solid 
line)  and  the  Cl'  core  (dashed  line). 

from  the  G”  ion,  with  the  distance  between  the 
maximum  of  the  electron  distribution  and  the  G~ 
being  about  twice  its  distance  to  the  Na*  ion.  We  find 
that  the  degree  of  localization  of  the  electron  in  the 
NaG”  molecule  is  diminished  in  comparison  with 
that  found  in  the  e-Na*  system.  Finally,  the  bond 
length  in  the  NaG”  molecule  is  large  in  comparison 
with  that  of  the  neutral  NaG  molecule. 

We  have  demonstrated  that  the  QUPID  method  in 
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conjunction  with  model  potentials  constitutes  a  reli¬ 
able  scheme  for  the  exploration  of  electron  binding 
to  NaCI,  and  most  likely  to  other  alkali  halide  mole¬ 
cules.  This  conclusion  inspires  confidence  in  the 
application  of  this  approach  to  the  interesting  prob¬ 
lem  of  electron  localization  in  alkali  halide  clusters 
which,  as  we  have  shown  recently,  can  result  in  bulk 
states,  surface  states,  reactive  dissociation  and  clus¬ 
ter  isomerization  induced  by  electron  attachment 
18]. 
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Optical  selection  studies  of  electronic  relaxation  from  the  5i  state  of  Jet- 
cooled  anthracene  derivatives 
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In  this  paper  we  explore  the  energy  dependence  of  the  interstate  electronic  relaxation  rates  k„ 
from  the  5,  manift^  of  anthracene  and  seven  of  its  isotopic  and  chemical  derivatives,  which 
were  infcn^  from  quantum  yield  data.  Absolute  fluorescence  quantum  yields  Y  from  groups 
of  rotational  states  within  the  electronic  origin  5|(0)  and  frmn  vibrational  states  were  obtained 
over  the  excess  energy  E,  —  0-3(XX)  cm  above  5|(0)  by  the  simultaneous  interrogation  of 
the  fluorescence  excitation  spectra  and  of  the  absorption  spectra  in  seeded,  pulsed,  planar 
supersonic  jets  of  Ar.  Additional  information  was  (Stained  from  quantum  yield  data  of  van  der 
Waals  (vdW)  ounplexes  of  these  molecules  with  Ar.  The  fluorescence  quantum  yields  from 
the  5,  (0)  of  anthracene,  9-cyano-anthracene,  and  9,10-dibromoanthracene  were  found  to  be 
independent  of  the  rotational  sute,  providing  further  evidence  for  the  rotational  independence 
of  k„  from  a  single  doorway  state.  From  the  Y  data  of  the  electronic  origins  and  from  the  E, 
dependence  of  y  we  conclude  that  intersystem  crossing  (ISC)  dynamics  of  the  5,  manifold  is 
dominated  by  the  interplay  between  two  classes  of  nonreactive  coupling  and/or  relaxation:  (i) 

Interstate  coupling,  involving  the  superposition  of  direct  S,  -•  ( T, )  ISC  together  with 
5,  -*  ( F. )  —  ( r, )  mediated  ISC  through  a  sparse  or  dense  ( F, )  numifold  of  a  higher  triplet 
state;  (ii)  Intrastate  coupling  within  the  5,  manifold,  which  sets  in  with  increasing  E,  and 
which  results  in  intramolecular  vibrational  energy  redistribution  (IVR)  at  high  E,.  The 
dominant  role  of  mediated  interstate  coupling  in  ISC  dynamics  from  5,(0)  and  from  low  E, 
states  was  inferred  from  the  inverse  deuterium  isotope  effect  on  the  ISC  rates,  the  extreme 
sensitivity  of  k„  of  deuterated  anthracene  to  a  single  H  atom  substitution,  and  to  level  shifts 
induced  by  complexing  with  Ar,  as  well  as  from  the  three-orders-of-magnitude  diflerence 
between  the  k,,  values  from  the  5,(0)  of9-bromoanthracene  and  of  9,10-dibromoanthracene. 

The  onset  of  the  mediated  ISC  is  documented  by  an  abrupt  drop  of  F  in  the  narrow  (£, 

—  617-803  cm  ~ ' )  energy  range  for  9, 10-dichloroanthracene  and  by  the  oscillatory  energy 
dependence  of  F  vs  £,  and  the  extreme  energy  sensitivity  of  F  in  the  range  E,  =  157-800 
cm~ '  of  9,10-dibromoanthracene,  which  is  attributed  to  near-degeneracies  between  5,  states 
and  the  mediating  ( T„ )  states.  These  resonance  effects  can  be  drastically  modified  by 
dispersive  level  shifts  induced  by  complexing  with  Ar.  At  high  excess  vibrational  energies  some 
universal  features  of  the  £,  dependence  of  k„  are  exhiUted.  These  involve  a  gradual  increase 
of  A,,  with  increasing  £,  at  medium  energies  (£.  =  l(X)0-18(X)cm~'),  which  correspond  to 
the  intermediate  level  structure  for  intrastate  coupling  and  a  very  weak  £,  dependence  of  k„ 
at  high  energies  (£,  =  18(X>-3000  cm  ~'),  which  manifest  the  effect  of  statistical  intrastate 
IVR  on  interstate  ISC. 


I.  INTRODUCTION 

The  dependence  of  the  interstate  radiationless  transition 
rates  from  photoselected  electronically-vibrationally  excit¬ 
ed  states  of  large  collisionless  molecules  on  their  excess  vi¬ 
brational  energy  is  central  for  the  elucidation  of  the  pro¬ 
cesses  of  intramolecular  dynamics.  The  pioneering  WOTk  of 
Schlag  and  van  Weyssenhoff,'  Parmenter,*  Rioe,^  Lim,^  and 
their  ctdieagues  focused  on  optical  selection  studies  of  inter¬ 
state  radiationless  transitions  in  the  low-pressure  gas  phase. 
The  information  stemming  frtMn  bulb  experiments  was  in¬ 
trinsically  limited  due  to  thermal  inhonK^geneous  broaden¬ 
ing  effects,  e.g.,  rotational  broadening  and  vibrational  con¬ 
gestion,  which  precludes  photoselective  vibrational 
excitation.  Photoselection  of  well-characterized  rotational- 
vibrational  electronically  excited  states  of  large  ’'isolated” 
molecules  can  be  accomplished  in  seeded  supersonic  expan¬ 
sions.^’*  Basic  information  on  optical  selection  in  interstate 


radiationless  decay  from  the  5,  manifold  of  large  molecules 
has  emerged  recently  from  time-resolved  spectroscopy  in 
jets.**’^  Supplementary  and  complementary  information 
can  be  obtained  from  energy-resolved  observables,  e.g.,  flu¬ 
orescence  quantum  yields.  Relative  fluorescence  quantum 
yields  from  different  groups  of  rotational  states  in  the  5, 
electronic-vibrational  origin  of  jet-cooled  aniline  was  ex- 
ploied  by  Amirav  et  al^*  Relative  fluorescence  quantum 
yields  from  photoselected  vibrational  states  in  the  5,  mani¬ 
fold  of  jet-cooled  large  molecules  were  reported  by  Levy  et 
al.“  for  transstilbene  and  by  us  for  9,10-dichloroant^- 
cene^  and  transstilbene.^  Subsequently,  we  have  mea¬ 
sured’^  the  absolute  fluorescence  quantum  yields  from  the 
vibrationless  electronic  origin  5,(0)  of  several  aromatic 
molecules  and  their  derivatives.  Recently,  we  have  extended 
the  experimental  methodology  to  obtain  quite  extensive  in¬ 
formation  on  the  excess  vibrational  energy  dependence  of 
the  absolute  fluorescence  quantum  yields  from  photoselect- 
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ed  vibrationally  excited  states  in  the  5,  manifold  on  a  variety 
of  jet-cooled  large  aromatic  molecules. These  studies 
have  provided  information  on  both  nonreactive  electronic 
relaxation  and  on  reactive  photochemistry  in  isolated  large 
molecules. 

In  this  paper  we  focus  on  optical  selection  studies  of 
nonradiative  electronic  relaxation  from  the  5,  manifold  of 
anthracene  and  some  of  its  derivatives,  i.e.,  anthnwene-Djo, 
anthracene-/),^,  9-methylanthracene  (9MeA), 
9-cyanoanthracene  (9CNA),  9,10-dichloroanthracene 
(9,10DCA),  9,10-dibromoanthracene  (9,10DBA),  and  9- 
bromoanthracene  (9BA),  as  well  as  some  of  their  van  der 
Waals  (vdW)  complexes  with  Ar.  We  report  tm  the  depen¬ 
dence  of  the  absolute  fluorescence  quantum  yields  Y  from 
photoselected  vibrational  states  on  the  excess  vibrational  en¬ 
ergy  above  the  5,  electronic  origin  of  these  jet-cooled 
molecules  and  complexes.  The  absolute  fluorescence  quan¬ 
tum  yields  were  determined  from  the  simultaneous  interro¬ 
gation  of  the  fluorescence  excitation  spectra  and  the  absorp¬ 
tion  spectra  of  these  molecules  in  seeded,  pulsed,  planar, 
supersonic  jets,  using  a  pulsed  xenon  lamp  and  a  mon¬ 

ochromator  and  adopting  the  calibration  method  previously 
advanced  by  us.^^  The  refinement  of  our  experimental  tech¬ 
niques  allows  for  the  accurate  determination  of  absolute  flu¬ 
orescence  quantum  yields  in  the  range  1-I0~^.  Accordingly, 
our  experimental  approach  can  provide  information  on  fast 
intramolecular  relaxation  times  from  photoselected  internal 
states  on  the  —  1  ps  time  domain.  The  information  emerging 
from  our  study  of  electronic  relaxation  from  the  5,  manifold 
of  jet-cooled  anthracene,  its  derivatives,  and  some  vdW  com¬ 
plexes  can  be  summarized  as  follows: 

( 1 )  Mediated  intersystem  crossing.  Electronic  relaxa¬ 
tion  from  the  electronic  manifold  of  these  molecules  pro¬ 
ceeds  via  Sx-T,  intersystem  crossing  (ISC),  which  is  medi¬ 
ated  by  a  higher  triplet  ( T„ )  state.”"*’  While  the  occurrence 
of  the  5|  -  T,  -  ( r, )  mechanism  in  condensed  phases  has  been 
documented  previously  on  the  basis  of  the  temperature  de¬ 
pendence  of  ISC,  energetic  data,  and  the  buildu^.times  of 
triplet-triplet  absorption,’*"*’  the  present  results  provide 
new  information  on  the  energetic  spread  of  the  T,  states  and 
their  role  in  mediating  the  radiationless  decay  of  specific 
vibronic  levels  in  the  5|  manifold  of  this  class  of  molecules 
under  collisionless  conditions. 

(2)  The  onset  of  mediated  intersystem  crossing.  A 
"step-like”  dependence  of  the  flwnescence  quantum  yield  vs 
the  excess  vibrational  energy,  which  is  manifested  by  an 
abrupt  drop  of  T  in  a  narrow  range  of  E,,  is  exhiWted  in 
certain  compounds,  e.g.,  9,I0DCA  and  is  attributed  to  the 
onset  of  the  mediated  intersystem  crossing. 

(3)  The  control  of  electronic  relaxaticm  by  microscopic 
solvent  effects  on  the  molecular  energy  levels.  The  dispersive 
stabilization  of  the  5|  state  by  vdWcomplexing  with  rare-gas 
atoms**  provides  a  novel  approach  for  the  exploration  of  the 
remarkable  quantitative  modification  of  ISC  dynamics, 
which  is  indu^  by  small  level  shifts  of  the  5,  levels  relative 
to  the  mediating  T„  states. 

(4)  Resonance  effects.  A  strong  oscillatory  dependence 
of  T  vs  for  9,10DBA  presunwbly  manifests  novel  reso¬ 
nance  effects  of  the  mediating  states  on  intersystem  crossing. 


A  preliminary  report  of  this  effect  was  presented.*' 

( 5 )  The  role  of  vibrational  energy  redistribution  ( I VR ) 
on  electronic  relaxation.  Intersystem  crossing  at  high  vibra¬ 
tional  excitation  of  the  5,  manifold  exhibits  a  universal  trend 
of  weak  energy  dependence  of  the  lifetimes  on  manifest¬ 
ing  the  consequences  of  intrastate  IVR  on  interstate  elec¬ 
tronic  relaxation. 

II.  EXPERIMENTAL 

A  scheme  of  the  experimental  setup  is  shown  in  Fig.  I .  A 
pulsed  linear  nozzle  slit  (Fig.  2)  generated  a  pulsed  planar 
jet  of  the  large  molecule  seeded  in  Ar.  The  pulsed  nozzle 
triggered  a  pulsed  lamp  through  a  variable  delay  unit, 
achieving  temporal  matching  of  the  light  and  gas  pulses.  The 
light  pulse  was  focused  onto  the  entrance  slit  of  the  mono¬ 
chromator  and  then  refocused  parallel  to  the  long  axis  of  the 
linear  nozzle.  The  light  was  detected  both  before  and  after 
crossing  the  supersonic  expansion  and  the  difference  was 
monitored  by  a  differential  amplifier,  resulting  in  the  absorp¬ 
tion  signal  which  was  normalized  to  the  incident  intensity. 
The  fluorescence  was  focused  and  detected  in  a  perpendicu¬ 
lar  direction  to  both  the  light  pulse  and  the  gas  pulse  propa¬ 
gation  directions.  All  the  signals,  i.e.,  the  fluorescence  exci¬ 
tation,  the  absorption,  and  the  reference  light  intensity  were 
simultaneously  detected  and  electronically  processed  using  a 
triple-gated  amplifier,  a  voltage  divider,  and  a  double  pen 
recorder.  The  absorption  and  fluorescence  spectra,  both  be¬ 
ing  normalized  to  the  incident  light  intensity,  were  simulta¬ 
neously  recorded.  In  what  follows,  the  components  of  the 
system  will  be  described. 

A.  Vacuum  aystam 

The  pumping  system  consisted  of  a  4  in.  diffusion  pump 
(Varian  VHS  4)  and  two  mechanical  pumps  (Edwards) 


PULSED  LINEAR  NOZZLE 
SPECTROPHOTOMETER 


FIO.  I.  Experimenul  setup  for  the  measurement  oTabiorptkmnuoreaceiice 
excitation  and  quantum  yields  in  seeded,  pulsed  planar  supersonic  expan- 
noni. 
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PULSED  LINEAR  NOZZLE 


FIG.  2.  A  scheinatic  diignm  of  the  pulsed  linear  nozzle  source.  ( I )  rotat¬ 
ing  cylinder,  (2)  stator,  (3)  two  flanges  with  ball  bearings,  (4)  axle.  (S) 
direction  of  light  pulses,  (6)  optical  switch  serving  for  triggering  of  light 
pulses,  (7)  slotted  disk,  (8)  two  conical  gears,  (9)  ferrofluid  rotatory  vacu¬ 
um  feedthrough,  ( 10)  motor  pulley,  (II)  mechanica)  support,  ( 12)  heat¬ 
ing  and  cooling  block,  (13)  adjusting  screw  for  sample  compartment,  (14) 
sample  compartment  handle,  (13)  sample  compartment,  (16)  flange-sta- 
lor  sealing  (metal  to  metal),  (17)  gas  valve,  ( 18)  gas  tube,  ( 19)  mounting 
flange,  (20)  gas  reservoir,  (21)  linear  slit  in  the  rotor,  (22)  linear  slit  in  the 
stator,  (23)  2S(r  tolerance  between  stator  and  rotor  (lubricated). 


with  pumping  speeds  ofZOO  r^min  and  330  t^min.  The  vacu¬ 
um  system  contained  a  baffled  entrance  and  exit  CaF]  win¬ 
dows.  A  quartz  lens  (31  mm  focal  length  and  diameter) 
served  for  the  collection  of  the  fluorescence  light  and  also 
acted  as  a  vacuum  window.  The  pulsed  nozzle  and  a  liquid 
N]  cold  trap  were  located  in  the  two  main  flanges  of  the 
vacuum  chamber. 

B.  Pulsed  llnsiur  nozzle 

The  pulsed  linear  nozzle,  which  is  described  in  Fig.  2, 
constitutes  a  refined  version  of  the  linear  nozzle  developed  in 
this  laboratory.^^  This  mechanically  operated  device  has  a 
rotating  cylinder  with  a  gas  mixture  reservoir  and  the  gas 
mixture  was  expanded  through  a  linear  slit.  A  rotating  cylin¬ 
der  (rotor)  with  a  slit  was  spun  inside  a  fixed  stator,  which 
also  had  a  slit.  Two  linear  nozzles  were  used  with  slit  dimen¬ 
sions  of  0.32x90  mm  and  of  0.22x33  mm.  The  temporal 
overlap  of  the  rotor’s  and  stator’s  slits  allows  for  the  expan¬ 
sion  of  the  gas  mixture  into  the  vacuum  chamber,  resulting 
in  the  ftmnation  of  the  pulsed  planar  jet.  The  rotor  was 
mounted  on  two  flanges  with  ball  bearings  and  the  axle  was 
driven  by  two  conical  gears,  one  of  which  was  mounted  on  a 
ferrofluid  rotatory  vacuum  feedthrough.  The  rotor  was  ro¬ 
tated  by  an  a.c.  motor,  which  was  coupled  to  the  rotor  by  an 
O-ring  belt  connection.  The  duuneter  of  the  rotor  slit  was  30 
mm,  writh  a  tolerance  of 20-30 /t.  The  nozzle  could  be  heated 


(cooled )  using  a  heating  (cooling)  block.  The  sample  com¬ 
partment  can  be  detached  and  taken  out  of  the  evacuated 
nozzle  by  swinging  the  compartment  handle,  and  its  tem¬ 
perature  could  be  adjusted  by  using  a  screw  which  could 
change  its  distance  from  the  heating  block.  The  nozzle  could 
be  operated  in  the  temperature  range  up  to  220  *C.  Ar  gas  in 
the  pressure  range  p  =  SO-2(X)  Torr  that  was  fed  from  a 
valve  and  a  tube  through  the  sample  compartment  chamber 
and  subsequently  passed  to  the  gas  reservoir  through  a 
groove.  The  backing  pressure  was  controlled  using  a  needle 
valve  and  a  manometer  (not  shown  in  Fig.  2).  A  slotted  disk 
and  an  infrared  optical  switch  (Spectronix  1874)  served  for 
the  triggering  of  the  pulsed  lamp. 

The  nozzle  was  operated  at  a  frequency  of  3-13  Hz, 
resulting  in  1  SO-3S0/<s,  gas  pulses.  This  pulsed  linear  nozzle 
constitutes  a  reliable  device,  which  was  routinely  operated 
for  pericxls  exceeding  24  h.  The  device  could  be  operated  for 
several  months  before  a  mechanical  failure  would  be  en¬ 
countered  or  a  lubrication  service  required. 


C.  Light  sourc* 

We  have  used  a  short-arc  xenon  lamp  (Osram  XBO  73 
w/2),  which  was  ignited  and  simmered  at  3-3  A,  utilizing 
Oriel’s  universal  power  supply.  The  simmered  lamp  was 
pulsed  using  a  43  fi¥  capacitor  charged  to  100-2(X)  V  in 
conjunction  with  a  capacitor  charger.^*  This  mode  of  oper¬ 
ation  results  in  the  increase  of  the  brightness  of  the  lamp  by 
about  three  orders  of  magnitude,  as  compared  to  the  conven¬ 
tionally  operated  lamp.  Hie  intensity  of  the  pulsed  simmered 
lamp  measured  at  the  monochromator  exit  slit  at  0.4  A  reso¬ 
lution  was  10~  J.  The  stability  of  individual  pulses  (pulse 
duration  24 /us)  was  about  1%,  and  aller  comparison  with 
the  reference  signals  the  noise  was  found  to  be  better  than 
0.1%  for  a  single  pulse. 

0.  Optic*  and  detector* 

The  pulsed  light  beam  was  focused  with  a  single  1  in. 
lens  ( 1  in.  focal  length )  onto  the  entrance  slit  of  a  monochro¬ 
mator.  Two  momxshromators  were  used: 

( 1 )  A  0.3  m  McPherson  218  monochromator  equipped 
with  a  grating  of  24(X)  lines/mm.  The  spectral  resolution 
attained  with  slits  of  30^  was  0.4  A  (2.8  cm~ '  at  3700  A). 

(2)  A  0.73  m/spex  monochromator  equipped  with  a 
2400  lines/mm  grating.  The  spectral  resolution  was  0. 1 1  A 
for  XSp  slits  (0.8  cm~ '  at  37(10  A).  The  spectral  resolution 
attained  at  slits  of  6  u  (as  determined  by  the  splitting  of  the 
Hg  lines)  was  0.06  A.  Typical  resolutions  routinely  used  in 
our  work  were  in  the  range  0.06-0.6  A  (0.4  cm~'  —4 
cm~'). 

The  light  from  the  monochromator  was  split  by  a  beam 
splitter,  consisting  of  a  partially  mirrored  (DaFy  window  or  a 
pair  of  sapphire  windows  for  reference  light  detection.  The 
beam  from  the  monochromator  before  passing  through  the 
beam  splitter  was  focused  using  a  1  in.  lens  (4  in.  focal 
length)  parallel  to  the  long  axis  of  the  slit  nozzle  at  a  dis¬ 
tances  ofx  =  6-1 6  mm  from  the  slit.  Both  the  direct  and  the 
reference  pulsed  light  beams  were  detected  with  vacuum 
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photodiodes  (Hammamatsu  R64S  or  R727).  The  fluores¬ 
cence  was  detected  using  a  photomultiplier  (Hammamatsu 
R269). 

E.  Electronics  and  data  processing 

All  the  techniques  employed  in  this  work  were  home¬ 
made.  The  reference  signal  7,  and  the  direct  transmission 
signal  7  were  fed  to  a  differential  amplifier  with  adjustable 
relative  gain  for  zeroing  in  the  absence  of  absorption.  The 
relative  absorption  signal  (7o  -  7),  obtained  from  the  differ¬ 
ential  amplifier,  the  fluorescence  signal  Ip  and  the  reference 
signal,  7o,  were  simultaneously  processed  using  a  triple-gat¬ 
ed  amplifier.  In  order  to  correct  the  chromaticity  of  the  beam 
splitter  and  to  obtain  a  flat  absorption  baseline,  we  have  used 
a  double  ac  voltmeter  which  is  connected  with  the  variable 
delay  unit.  This  piece  of  electronics  doubled  the  number  of 
light  pulses  relative  to  the  number  of  gas  pulses.  In  this  setup 
the  difference  signal  (7o  —  7)  and  the  fluorescence  signal 
were  simultaneously  measured  by  the  gate  amplifier  with  a 
single  pulse  gating.  These  signals  were  sent  to  the  double  ac 
voltmeter  which  measured  the  difference  between  the  syn¬ 
chronized  and  unsynchronized  signal  pulses.  The  reference 
signal  7o  was  measured  by  the  gated  amplifier  and  used  for 
normalization  using  a  voltage  divider.  Such  an  on-line  com¬ 
parison  between  7  and  was  corrected  for  absorption  base¬ 
line  spectral  drifts.  The  proper  timing  of  the  gas  pulse  and  of 
the  light  pulse  was  achieved  by  using  a  variable  delay  unit, 
which  could  be  operated  in  the  range  lO/is-10  ms. 


materials,  whose  consiluent  molecules  exhibit  a  low  fluores¬ 
cence  quantum  yield  in  the  jet.  In  such  a  system,  a  minor 
amount  of  an  impurity  with  a  high  Y  wiU  exhibit  a  spurious 
fluorescence  signal.  A  typical  example  for  a  trace  of  impurity 
fluorescence  is  provided  in  Fig.  3,  where  we  portray  a  por¬ 
tion  of  the  fluorescence  excitation  and  the  absorption  spectra 
of  9-bromoanthracene,  whose  electronic  origin  at  3742  A  is 
characterized  by  T  =  0.0024.  The  intense  spectral  feature  in 
the  fluorescence  excitation  at  3610.2  A,  which  is  masked  by 
the  noise  in  the  absorption  spectrum,  corresponds  to  the 
electronic  origin  of  the  anthracene  molecule  (Y=0.67). 
The  anthracene  molecule,  which  is  present  as  an  impurity  in 
9BA  at  a  concentration  of  about  1%,  provides  the  dominant 
spectral  feature  in  the  fluorescence  excitation  spectrum,  but 
is  buried  within  the  noise  in  the  absorption  spectrum  of  the 
low-r  9BA. 

III.  RESULTS  AND  DISCCUSION 
A.  Rotational  structure  of  the  electronic  origin 

A  partial  resolution  of  the  rotational  contour  of  the  elec¬ 
tronic  origin  of  the  first  spin-allowed  electronic 

transition  of  anthracene-7f,o,  anthracene-7>97f,  and  anthra- 
cene-2>,o  could  be  accomplished  under  our  experimental 
conditions  of  0.5-1  cm~ '  spectral  resolution.  Figure4shows 
the  characteristic  B-type  (perpendicular)  rotational  con¬ 
tours  of  the  three  isotopic  molecules,  obtained  by  LMIF  and 
absorption  spectroscopy.  These  experimental  results  are  in 


F.  Data  raeording 

The  absorption  (7g  —  I)/Io  and  the  normalized  fluores¬ 
cence  7jr/7o  were  simultaneously  recorded  using  a  double 
pen  recorder.  Absorption  spectra  and  fluorescence  excita¬ 
tion  (LMIF)  lamp-induced  fluorescence  spectra  were  re¬ 
corded.  Accurate  quantum  yield  data  were  obtained  by  re¬ 
cording  the  fluorescence  excitation  and  the  absorpKon  at  a 
fixed  wavelength,  increasing  the  time  constant  to  obtain  a 
high  precision,  while  the  baseline  was  recorded  with  a  delay 
of  10  ms.  In  addition,  quantum  yield  data  were  obtained  in  a 
narrow  spectral  range  and  with  a  high  time  constant  to  cor¬ 
rect  for  the  small  contribution  of  dimers  to  the  absorption 
spectrum  and  to  the  fluorescence  background. 

Absolute  quantum  yields  Y  were  determined  using  the 
calibration  scheme  previously  developed  by  us,^^  which  rests 
on  the  simultaneous  measurements  of  relative  quantum 
yields  from  the  electronic  origins  of  a  pair  of  molecules  in  a 
binary  doped  supersonic  expanskm,  and  the  assignment  of  a 
value  of  y  =  1  to  fluorescence  from  the  electronic  origins  of 
transstilbene  and  of  9,10DCA.*^  Absolute  fluorescence 
quantum  yields  in  the  range  F  =  1  —  10~*  could  be  routine¬ 
ly  recorded.  The  uncertainty  of  the  F  data  was  estimated  to 
be  2%  for  intense  spectra  features,  while  for  weak  spectral 
features  the  accuracy  was  10%. 

Q.Ch«ffllcal« 

All  the  chemicals  used  by  us  were  commerically  pur¬ 
chased.  Care  must  be  taken  to  ensure  the  purity  of  those 
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FIG.  3.  Abiorption  tpectrum  ( top  curve )  ind  fluorescence  excitation  spec¬ 
trum  (lower  curve)  over  the  range  37SO-3SSO  A  of  9BA  in  a  pulsed  planar 
jet  of  Ar.  Stagnation  pressure  p  •  1 10  Torr  and  nozzle  temperature 
Tai  140  “C.  Distance  from  nozzle  yf  10  mm.  The  intense  feature  at  3610 
A  in  the  fluotescence  excitation  spectrum  it  due  to  anthraccite  impurity. 
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FfG.  4.  Fluorescence  exciutton  spectra  of  the  electronic  origins  of  anthra- 
cene>/f  ,0.  anthracene*/)^,  and  anthracene-Z),^  in  a  pulsed  planar  jet  of  Ar 
p  —  100  Torr,  T  ^  140  *C,  yf  =  10  mm.  The  spectral  resolution  is  marked 
on  the  figure. 

accord  with  recent  LIF  jet  spectra  of  anthracene'*  and  with 
the  well-established  theoretical  assignment  of  this  electronic 
transition  to  the  short  axis  polarized  'A ,,  ->  '82^  excita¬ 
tion.**’  An  analysis  of  the  rotational  contours  of  anthracene 
was  previously  performed,'*  assuming  that  the  rotational 
constants  are  invariant  upon  electronic  excitation.  We  have 
conducted  numerical  simulations  of  the  rotational  contours 
of  anthracene,  accounting  for  the  (small)  changes  hi  the 
rotational  constants.  The  rotational  constants  for  the  two 
combining  states  (Table  I)  were  calculated  using  the  Ross- 
McHough  recipe.*'  These  were  derived  from  the  molecular 
structures  of  the  'A,^  and  'Rj.  states,  being  based  on  the 
bond-length-bond-order  relations  using  Fariser’s  wave 
functions.*°  The  ground  state  rotational  constants  are  close 
to  those  inferred  by  Lambert  e/  al.  '*  from  structural  data. 
The  numerical  simulations  were  conducted  using  the  asym¬ 
metric  rotor  program  of  Birss  and  Ramsay.**  The  range  of  J 
values  was  taken  from  /  =  0  to  3/  max,  where  J  max  corre¬ 
sponds  to  the  most  populated  J  value  at  a  given  temperature. 
The  K  values  were  taken  in  the  range  K  =  0-50.  Convolu¬ 
tion  of  the  experimental  spectral  resolution  was  performed 
by  assigning  a  width  ofO.S  cm~ '  to  each  line.  Typical  results 
for  simulations  in  the  temperature  range  T  =  2-40  K  are 
presented  in  Fig.  5.  Regarding  the  accuracy  of  the  excited- 
state  rotational  constants,  we  have  found  that  at  low  tem¬ 
peratures,  which  are  ofintercst  to  us,  small  changes  { ~  1%) 
mA',B and  C '  result  in  negligible  changes  in  the  energetic 
parameters  of  the  low-temperature  rotational  contours  and 
in  quite  a  marked  change  in  the  intensity  distribution  within 
the  contour  ( Fig.  6 ) .  The  experimental  data  for  the  intensity 
ratio  between  the  maxima  of  the  P  and  R  branches  favor  the 
values  of  AA,  AB,  and  AC  of  Table  I  over  the  first-order 
intelligent  guess'*  AA  =  AB  =  AC  =  0.  Figure  7  shows  the 
comparison  between  the  experimental  LMIF  spectrum  of 
the  Si  origin  of  anthracene-^, 0  and  the  “best  fit”  of  the  sim¬ 
ulated  spectrum.  A  typical  rotational  temperature  of  this 
large  molecule  in  the  planar  jet  is  Tn  =  20  K  under  our  ex- 


TABLE  I.  Routional  constaau  for  anthracene  (in  cm  ~ 


Sute 

A 

B 

C 

0.07170 

0.013  12 

0.012  49 

s, 

0.071  82 

0.01500 

0.012  40 

FIG.  5.  Numerical  simulations  of  the  temperature  dependence  of  the  rou- 
tiona)  contours  for  the  O-O  band  of  anthracene  for  rotational  temperatures 
Tro,  =  2-40  K.  Rotational  constants  from  Table  I.  Spectral  resolution  0.5 
cm"  V 


perimental  conditions.  This  relatively  high  rotational  tem¬ 
perature  is  a  consequence  of  the  short-interrogation  distance 
X  =  10  mm  from  the  nozzle,  the  high  relative  concentration 
( up  to  ~  1  % )  of  the  large  molecule  in  the  expansion,  and  the 
large  cross  section  (1x4  mm)  of  the  interrogating  light 
beam. 

B.  Fluorescence  quantum  yield  from  the  electronic 
origin 

The  fluorescence  quantum  yield  for  the  5,  electronic 
origin  was  found  to  be  independent  of  the  rotational  state. 
Excitation  of  groups  of  rotational  states  within  a  spectral 
width  of  0.5  cm”'  within  the  low  energy  F branch  (which 
also  contain  a  contribution  from  the  Q  branch)  and  from  the 
high  energy  R  branch  revealed  that  the  absolute  quantum 
yield  is  independent  of  the  rotational  quantum  numbers 
/  'AT '  ( Fig.  8 ) .  Similar  results  were  obtained  for  Y  from  the 
electronic  origin  of  9,10DBA  (y'  =  0.72)  and  of  9CNA 
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FIG.  6.  The  rotational  temperature  dependence  of  the  separation  (Av)  of 
the  P(  +  Q)  and  K  brancho,  the  width  of  the  routional  contour  at  S0% 
intensity  point  ( FWHM )  and  the  intensity  ratio  between  the  maxima  of  the 
F  and  it  branches  ( ratio  F/A)  for  the  electronic  origin  of  anthracene.  The 
F  /R  ratio  is  very  sensitive  to  the  changes  in  the  rotational  constants  between 
the  two  electronic  states.  □  F/A  ratio  for  A  A  =  A  A  =  AC  =  0;  ■  F/A 
ratio  for  the  dau  of  Table  I,  with  the  values  of  A  A.  A  A.  and  A  C  being 
given  in  units  of  I0~*  cm  " 


(Y—  1.0).  The  dominant  nonradiative  decay  channel  for 
the  5,(0)  electronic  origin  involves  interstate  electronic  re¬ 
laxation,  which  is  due  to  5|-triplet  intersystem  crossing 
(ISC)  with  the  final  triplet  dissipative  channel  correspond¬ 
ing  to  the  statistical  limit.  The  invariance  of  the  fluorescence 
quantum  yield  to  the  group  of  rotational  states  provides  ad¬ 
ditional  evidence  that  electronic  relaxation  in  the  statistical 
limit  is  invariant  with  respect  to  the  rotational  state.  This 
result  is  supported  by  previous  experimental  worl^-on  the 


Aj'(cm-i) 

FIG.  7.  A  compariaon  between  the  experimental  spectrum  of  the  electronic 
origin  of  anthracene  in  a  plaiur  supersonic  jet  F  ^  lIOTorr,  7*=  130*C, 
X  =  to  mm,  spectral  resolution  O.S  cm* '  (sdid  curve)  with  the  numerical 
simulation  of  the  rotational  contour  at  7*,.  »  20  K. 


Avfcm-*  I 


FIG.  S.  Absorption  spectrum,  fluorescence  excitation  spectrum,  and  abso¬ 
lute  fluorescence  quantum  yields  from  the  5^— A,  electronic  origin  of  anth- 
racene.F=  IIOTorr,  T  =  140 ‘C.J'  =  6mm, spectral  resolution  0.6cm~'. 


rotational  independence  of  electronic  relaxation  from  the  5, 
electronic  origin  of  aniline,^*  of  tetracene,"  and  of  the  rota¬ 
tional  state  independence  of  ISC  of  single  rovibronic  levels  in 
the  5,  manifold  of  benzene, and  with  theoretical  calcu¬ 
lations.’’  Four  remarks  regarding  the  rotational  state  inde¬ 
pendence  of  nonreactive  intramolecular  radiationless  pro¬ 
cesses  are  in  order: 

( 1 )  The  rotational  independence  of  the  electronic  relax¬ 
ation  observed  herein  pertains  to  the  decay  of  an  “isolated” 
doorway  state,  i.e.,  the  electronic  origin  which  is  coupled  by 
J  'K '  independent,  that  is,  spin-orbit  interaction  K  to  a  “sta¬ 
tistical”  background  manifold.  In  this  case  the  decay  rate 
A  =  2irF’p  and  the  quantum  yield  Y  =  r,/(  P,  -t-  A ),  with 
r,.  being  the  radiative  width  of  the  doorway  state,  are  inde¬ 
pendent  of/ 'AT'.” 

(2)  At  higher  vibrational  energies  of  the  5,  manifold 
when  Coriolis  coupling  between  5,  vibrations  prevails,  the 
fluorescence  quantum  yield  may  be  dependent  of  /  'K 

(3)  In  the  intermediate  level  structure,  for  interstate 
coupling,  where  the  doorway  state  is  coupled  to  a  sparse 
background  manifold,  the  quantum  yield  is  Y~T,/N {y), 
with  (y)  being  an  (average)  decay  width  of  the  background 
states  and  jVis  the  dilution  factor.^  The  breaking  of  K  selec¬ 
tion  rules  for  interstate  coupling  may  result  in  the  depen¬ 
dence  of  jV  on  / ',  leading  to  the  dependence  of  the  quantum 
yield  on  /'.  In  this  case  the  rotational  dependence  of  the 
quantum  yield  originates  from  the  / '  dependent  dilution  of 
the  radiative  lifetime.^ 
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(4)  The  intermediate  level  structure  may  prevail  for  ei¬ 
ther  interstate  or  intrastate  coupling  with  K  selective  Corio¬ 
lis  coupling  between  the  background  states  whereupon  Y 
will  berame  rotational  state  dependent.” 

The  present  situation  for  the  decay  of  S,  origin  corre¬ 
sponds  to  case  (1). 

C.  Quantum  yMds  from  alectronic  origins  of 
anthracano  and  aoma  of  its  isotopic  darivativaa 

A  large  inverse  deuterium  isotope  effect  for  electronic 
relaxation,  i.e.,  intersystem  crossing  (ISC)  from  the  S|(0) 
electronic  migin  of  jet-cooled  anthracene-/! lo  and  anthra¬ 
cene-/), o  was  inferr^  from  quantum  yield  data^*  and  con¬ 
firmed  by  decay  lifetime  measurements.”'”  We  have  mea¬ 
sured  the  absolute  fluorescence  quantum  yields  at  the  5,  (0) 
electronic  origin  of  anthracene-/!, o,  anthracene-/),/!  and 
anthracene-/),,,  all  of  which  were  interrogated  at  the  dip  of 
the  ff-type  rotational  contour.  A  preliminary  report  of  the  Y 
data  between  the  Jt  and  the  P(  -t-  Q)  branches  for  anthra- 
cene-/!,,  and  anthracene-/),,  has  been  provided.”  In  Table 
II  we  present  these  Y  data  together  with  the  lifetime,  r,  data 
of  Schlag,^^  Lim,^^  and  Zewail,”  which  result  in  the  pure 
radiative  Ufetime  and  the  ISC  rates  A,,.  From  these  re¬ 
sults  the  following  is  apparent: 

( 1 )  The  pure  radiative  lifetimes  are  invariant  with  re¬ 
spect  to  isotopic  substitution,  as  expected. 

(2)  A  very  large  inverse  deuterium  isotope  effect,  i.e., 
(^io)/*«r  (^lo)  as  15,  is  exhibited  on  the  ISC  rate  from 

the  5,(0)  origin  of  anthracene-/),,  relative  to  that  of  anthra¬ 
cene-/!,,. 

(3)  A  dramatic  decrease  of  the  ISC  rate  from  the  5,(0) 
origin,  i.e.,  k,,  (/),/!)//„  (/),,)  s*  1/7,  is  induced  by  a  single 
H  atom  substitution. 

It  has  been  pointed  out’*'^*  that  the  huge  inverse  deuter¬ 
ium  isotope  effect  on  the  5,  ->  T,  ISC  from  the  5,(0)  state 
cannot  be  accounted  for  in  terms  of  the  conventional  argu¬ 
ments  based  on  the  role  of  Franck-Condon  factors  in  inter¬ 
state  coupling,  rather  this  effect  was  attributed  to  ISC,  which 
is  mediated  by  a  manifold  of  ( rH )  triplet  vibronic  levels  and 
which  corresponds  to  a  higher  triplet  state.  The  relevant  cou¬ 
pling  scheme  is 


|5.>-{|rj»-{i7’,>},  (1) 

where  and  F,,,  represent  spin-orbit  and  vibronic  cou¬ 
pling,  respectively.  The  )}  manifold  in  the  vicinity  of 
5,  (0)  is  assumed  to  be  sparse,  whereupon  the  |5,  >  —  { |  T  J  > } 
coupling  for  all  k  states  correspond  to  an  off-resonant  situa¬ 
tion.  Under  these  circumstances  the  nonradiative  decay  rate 
of  |5,>  is  given  by  the  second-order  contribution” 

Tn  (5.)  =  |:  I  [E(5,)  -  ff( rj )  ]* 

-)-(l/2A*)*},  (2) 

where  =  <5,|F„|7'i)  rqnesents  spin-orbit  coupling 
between  the  zero-point  vibrational  level  of  5,  and  a  vibra¬ 
tional  level  k  in  the  sparse  manifold,  while 
A»  =2«'|(ri|F,^h|r,>|V>  is  the  decay  width  of  the  |r*> 
state  due  to  its  internal  conversion  to  the  dense  statistical 
{|  r,)}  manifold.  The  ISC  rate,  Eq.  (2),  contains  a  cumula¬ 
tive  contribution  for  several  mediating  states.  Both  the 
widths  A„  and  the  spin-orbit  coupling  terms  are  expected  to 
exhibit  a  small  normal  deuterium  isotope  effect.  The  largte 
inverse  deuterium  isotope  effect  was  attributed”’^'  to  the 
sensitivity  of  the  energy  defects  |£(5,)  —  £(7^)1,  which 
appear  in  Eq.  (2),  on  the  isotopic  substitution.  The  follow¬ 
ing  implications  of  this  result  are  apparent: 

(A)  Inverse  deuterium  isotope  effect  on  (5, ).  Since 
the  { I  r*  > }  vibrational  manifold  is  more  dense  in  the  vicini¬ 
ty  of  5,  (0)  of  anthracene-/),,  than  of  anthracene-/!,,,  some 
of  the  energy  defects  |£(5,(0)  ~  £  (Tj )  (  are  expected  to 
be  smaller  for  deuterated  anthracenes,  resulting  in  the  en¬ 
hancement  of  . 

(B)  Level  structure  sensitivity  of  y„.  The  remarkable 
decrease  of  k„  by  a  single  H  atom  substitution  (Table  II) 
together  with  the  irregular  dependence  of  k„  on  the  isotopic 
substitution  (Table  II)  manifest  the  crucial  role  of  energetic 
shifts  of  the  mediating  stete.  A  single  H  atom  substitution  of 
perdeuteroanthracene  results  in  the  following  effects:  (i)  A 
change  in  the  level  structure  of  the  { |  T' ) }  manifold,  which 
results  in  energetic  shifts  of  the  mediating  sutes  relative  to 
5,(0).  (ii)  An  energetic  shift  of  the  5,(0)  origin.  According- 


TABLE  II.  Quantum  yickfa  from  the  S,  electronic  origin]  of  anthracene  and  its  deuterated  derivatives. 


Molecule 

(cm 

')•  r‘ 

r  (ns)'’* 

(ns)‘ 

(]-’) 

Anthraoene-/f,o 

0 

0.67 

0.49 

4.(Y 

0.15X10* 

Anthracene-/),# 

7 

0.49 

1.04 

4.4* 

17* 

34±) 

0.31X10* 

Anthraccne-0,0 

69 

0.134 

6.69 

18* 

21.5' 

2a 

18* 

30±) 

2.23  XlO' 

'Spectral  tbifU  of  electronic  origin  relative  to  that  of  anthracene-^fw. 
‘Absolute  quantum  yields.  Prewnt  work. 

‘Calculated  from  T^k„  =  iY~'  —  1) 

*1Utertnet22. 

*Reference  19. 

'Reference  23. 

'A.  Amirav  and  J.  Jortner  (unpublished). 

‘Calculated  from  =  f  “  'r. 
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ly,  the  energetic  defects  |^(5,  (0)  —  £■  (  T*  )  |  arc  modified, 
resulting  in  a  marked  change  in  y„ .  This  level  structure  sen¬ 
sitivity  manifests  near-resonance  effects  of  the  mediating 
states  on  the  ISC  rate.  In  the  rationalization  of  the  surprising 
inverse  deuterium  isotope  effect  and  level  structure  sensitiv¬ 
ity  of -SiIO)  for  the  isotopic  species  of  anthracene,  the  role  of 
level  shifts  originating  frmn  effects  (i)  and  (ii)  cannot  be 
disentangled.  This  can  be  accomplished  by  the  exploration 
of  fluorescence  quantum  yields  from  vdW  complexes  ofdeu- 
terated  anthracenes  with  Ar,  which  leaves  the  {|r*>} 
manifold  practically  invariant,  and  result  in  an  energetic 
shift  of  the  5',(0)  origin  relative  to  the  {|r*>}  states. 

D.  Erosion  of  tfio  Mivstm  dsutsrlum  isotop*  sflsct  by 
eompisxing  with  Ar 

The  formation  of  vdW  molecules  consisting  of  large  aro¬ 
matic  molecules  bound  to  rare-gas  atoms  is  wdl  document¬ 
ed.*^  The  exploration  of  microscopic  solvation  effects  on  the 
spectral  shifts  of  aromatic,  rare-gas  vdW  complexes  has  re¬ 
sulted  in  extensive  information  on  the  energetics  of  the5,  (0) 
electronic  origin,  relative  to  the  vibrationless  ground  state. 
For  heavy  rare-gas  atoms,  i.e.,  Ar,  Kr,  and  Xe  these  red 
spectral  shifts  are  dominated  by  dispersive  interactions,  re¬ 
sulting  in  the  lowering  of  the  energy  of  the  S,  (0)  state  of  the 
complex  relative  to  that  of  the  bare  molecules.  A  typical 
example  is  provided  in  Fig.  9  which  portrays  the  LMIF  spec- 


FIO.  9.  Fluofocencc  exciution  (pectra  in  the  ranae  3400-3610  k  of  anth- 
racene-t>„  and  anthracene-At„  at  high  atagnation  preasttre  of  Ar  f  •  2S0 
Torr.  The  electronic  origina  of  the  bare  moleciilea  are  marked  0-0.  The  apec- 

tral  features  of  the  electronic  origiot  of  anthracene  Ar,  and  of  anthracene- 
D,o  Ar,  are  exhibited  towards  lower  energies  of  the  bate  molecules  elec¬ 
tronic  or^in.  Thecoordirwtion  number  n  of  the  complexes,  assigned  on  the 
basis  of  the  order  of  appearance  of  these  features,  it  marked  on  the  spectra. 


tra  of  anthracene-Ar„  being  in  accord  with  previous  data,’* 
and  of  perdeuterated  anthracene-Ar„ ,  which  reveal  the  gra¬ 
dual  red  shifts  of  these  complexes,  with  increasing  coordina¬ 
tion  number.  The  dominating  contribution  of  these  red  shifts 
originates  from  dispersive  interactions,  which  are  consider¬ 
ably  larger  for  the  5,(0)  state  than  for  the  states  in  the 
{|r*)}  manifold.  Provided  that  an  anthracene  molecule  is 
complexed  with  an  *^nert”  ligand,  which  does  not  modify 
the  intramolecular  spin-orbit  coupling  interaction,  one  ex¬ 
pects  a  dramatic  modification  of  the  mediated  nonradiative 
ISC  rate  from  5,(0)  due  to  the  modification  of  the  energy 
defects  |5  (5,  (0)  I  —  £  (  r* )  I  in  Eq.  (2).  This  expectation 
is  born  out  by  the  measurements  of  the  quantum  yields  from 
the  electronic  origins  of  the  vdW  complexes  of  anthracene 
Ar,  and  perdeuteroanthracene  Ar  „  where  the  Ar  atom  con¬ 
stitutes  nearly  an  inert  ligand,  which  docs  not  exhibit  an 
external  heavy  atom  effect  on  ISC.  In  Fig.  10  we  present  the 
absorption  and  LMIF  spectra  of  the  bare  isotopic  molecules 
and  their  complexes  with  Ar,  being  labeled  as  the  bare  isoto¬ 
pic  molecules  and  their  complexes  with  Ar,  which  are  la¬ 
beled  as  n  =  1.  The  absolute  quantum  yields  result  in  the 


Flo.  10.  Abuorption  xpectni  md  Buoracenoe  exciution  s^ra  of  anthra- 
cene  and  anthracene-P,o  in  the  spectral  range  3600-3610  A  at  high  stagna¬ 
tion  pressure  of  Ar  F  =  220Torrforanthracene-/f,(andF=  I60Torr  for 
anthracene-P,o.  r=l36*C,andJr  =  6  mm.  The  electronic  origins  of  the 
bare  molecules  are  marked  0-0.  The  electronic  origins  of  the  anthracene  Ar 
and  of  anthracene-Dio  Ar  complexes  are  marked  by  /f,o  »  =  1  and  D,o 
n  s  I,  respectively. 
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product  of  the  nonradiative  rate  and  the  pure  radiative  life¬ 
time. 

Kr,^=y~'  (3) 

The  values  of  k„T^  (Table  III)  reveal  a  dramatic  decrease 
of  the  k„  value  for  perdeuterated  anthracene- Ar,  relative  to 
that  of  the  bare  molecule.  Furthermore,  the  values  of  k„T^ 
for  the  Ar  complexes  of  perdeuteroanthracene  and  of  anth¬ 
racene  are  practically  identical,  exhibiting  the  erosion  of  the 
large  inverse  deuterium  isotope  effect  on  ISC  due  to  the 
modest  shift  of  the  5,  (0)  state  by  —  43  cm~'.  We  note  in 
passing  that  the  twofold  increase  of  the  values  of  k„T^  for 
anthracene.  Ar ,  relative  to  that  of  bare  anthracene  can  origi¬ 
nate  from  these  causes  (i)  The  modification  of  the  pure 
radiative  lifetimes  by  complexing.  The  increase  of  of 
anthracene  derivatives  by  the  binding  of  an  Ar  atom  is  small 
(10%-20%)’*  and  cannot  account  for  this  effect,  (ii)  A 
small  increase  of  the  spin-orbit  coupling  by  Ar,  enhances 
k„.  (iii)  Vibrational  predissociation  within  the  )  mani¬ 
fold  of  the  complex,  results  in  the  broadening  of  the  mediat¬ 
ing  states  enhancing  k„ .  For  this  mechanism  to  be  operative, 
the  energy  gap  between  the  5,  ( 0 )  origin  and  of  the  electronic 
origin  of  the  (  7** )  manifold  should  exceed  the  binding  ener¬ 
gy  (DstTOO  cm~')  of  the  argon  atom.^^  In  any  case,  the 
dramatic  disappearance  of  the  inverse  deuterium  isotope  ef¬ 
fect  in  anthracene  Ar,  demonstrates  the  potential  of  vdW 
complexing  in  controlling  the  mediated  interstate  dynamics 
by  the  induction  of  the  microscopic  level  shifts  by  vdW  com- 
plexing. 

E.  Quantum  yMda  from  th«  oteetronfc  origins  of  aomo 
antftracona  darivativas 

Conventional  wisdom  has  attributed  the  electronic  re¬ 
laxation  from  the  5,  manifold  of  anthracene  and  its  deriva¬ 
tives  to  be  dominated  by  ISC.”"**  Qualitative  correlations*" 
indicate  that  the  contribution  of  the  5,  —So  internal  conver¬ 
sion  to  electronic  relaxation  is  minor,  with  the  quantum 
yield  for  the  populations  of  the  So  channel  being  ~0.01 .  Ac¬ 
cordingly,  the  absolute  fluorescence  quantum  yields  from 
the  5,(0)  electronic  origins  of  five  anthracene  derivatives 
reported  herein  (Table  IV)  provide  information  on  the  gen¬ 
eral  patterns  of  ISC  in  these  compounds.  The  interstate  non¬ 
radiative  decay  of5,(0)  orany  other  vibronic  state  of  5,  may 
proceed  by  two  interstate  coupling  mechanisms:  (i)  direct 
l-Si)  —  {|T,>}  coupling  which  is  characterized  by  the  rate 

y,(5,)=2ir|<5,|F«|7',)|»/>.  (4) 

and  (ii)  mediated  coupling  whose  rate  is  determined  by  the 
ratefi,  (5,),  Eq.  (2).  The  total  ISC  decay  rate  y(5,)  ofa5, 
state  is  given  by  the  additive  contribution 


TABLE  III.  Quantum  yields  for  the  3,(0)  origin  of  Aroomiilexet. 


Irioleeule 

r 

Anthraoene-/f„ 

0.67 

0.49 

Amluaceae.#,,  Ar 

0.49 

1.04 

Aatkracene-I),, 

0.134 

669 

Aathfaecne-i>M  Ar 

0.J0 

1.00 

7(5,)  =r',(5,) -l-ynIS,).  (5) 

The  unity  quantum  yield  for  the  5,(0)  electronic  origins  of 
9,10-dichloroanthracene  (9,10DCA)  and  of  9-cyano8nth- 
racene  (9CNA)  imply  that  both  decay  channels  (i)  and  (ii) 
are  closed  at  this  energy.  Accordingly,  direct 
|5,(0))  —  { I  r,)}  coupling  is  poor  in  these  molecules,  which 
are  charactoized  by  a  medium  spin-orbit  coupling,  while 
the  electronic  origin  of  the  sparse  mediating  manifold  is  lo¬ 
cated  above5,(0),  or  just  slightly  below  iL  so  that  no  medi¬ 
ating  vibrational  state  is  in  resonance  with  5,  ( 0) .  The  reduc¬ 
tion  of  T  below  unity  for  9-inethyl  anthracene  (9MA)  is 
tentatively  attributed  to  mechanism  (ii)  with  y  =  Xii > » 
the  case  for  anthracene  and  its  deuterated  derivatives,  which 
were  alluded  to  in  Secs.  Ill  C  and  III  D.  Proceeding  to  the 
decay  characteristics  of5|  (0)  of  molecules  containing  heavy 
atoms,  which  are  characterized  by  a  high  sinn-oiUt  cou¬ 
pling,  i.e.,  bromoanthracene,  we  note  the  large  three  orders 
of  magnitude  difference  between  the  quantum  yields  and  the 
nonradiative  decay  rates  of  5,(0)  of  9,10DBA  for  which 
y=  0.72  and  of  9BA  for  which  Y=  2.4x  10"’.  The  eflS- 
cient  ISC  from  5,  (0)  of  9BA  ( T  =  2.4X  10“*)  is  attributed 
to  the  superposition  of  the  direct  mechanism  (i)  and  the 
mediated  mechanism  (ii),  both  of  which  are  enhanced  by 
the  internal  heavy  atom  effect  on  the  spin-orbit  coupling 
terms  (5,(F„|r,>  in  Eq.  (4)  and  <5,|F„|ri>  in  Eq.  (2). 
The  operation  of  mechanism  (ii)  for  9BA  implies  that  the 
electronic  origin  T,  (0)  of  the  mediating  triplet  is  located 
below  5,  (0),  ensuring  effective  resonance  coupfing  between 
5,(0)  and  the  mediating  manifold.  The  dominating  role  of 
mechanism  (ii)  in  9BA  is  reflected  by  the  dramatic  differ¬ 
ences  between  the  Y  values  from  5,(0)  of  9BA 
( r  =  2.4X  10“*)  and  of  9,10DBA  ( Y  =  0.72).  The  modest 
heavy  atom  effect  on  ISC  from  5,(0)  of  9,10DBA  is  due 
solely  to  the  enhancement  of  the  direct  mechanism  ( i )  by  the 
internal  spin-orbit  effect,  while  the  mediating  channel  ( ii )  is 
blocked,  with  T,  (0)  being  located  above 5,(0)  in  this  mole¬ 
cule.  Thus,  in  9,i0DBA  Y=y,,  while  in  9BA  y^Yi  -t-  J',, 
with  y,,  >Xi,  due  to  the  dominating  contribution  of  near¬ 
resonant  mediating  states  to  ISC. 

Up  to  this  point  we  were  concerned  with  the  ISC  from 
the  electronic  origins.  Under  the  circumstances,  the  exclu¬ 
sive  nonradiative  decay  channel  involves  interstate  elec¬ 
tronic  relaxation.  We  now  proceed  to  explore  the  decay 
characteristics  of  higher  vibrational  excitations  in  the  5, 
manifold,  which  may  involve  the  combination  of  interstate 


TABLE  IV.  Qiunlum  yield*  from  the5,  (0)  dectronic  origiii  of  aathraoeoe 
derivatives. 


Molecuk 

(cm-')‘ 

r* 

9-mctliylantbracene 

26  943 

0.3* 

0.73 

9<yaaMthraoeae 

26171 

1.00 

9, 10.dicliloroanthracene 

23  930 

1.00 

9,  lOdibromoanthiacene 

23*77 

0.72 

0.39 

9-bromoanthraoenc 

26  724 

0.0024 

416 

'Aocuiacy  of  peak  position  ±3cm~'. 

*  Accuracy  of  absolute  quantum  yield*  ii  estimated  to  be  3%. 
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electronic  relaxation  and  intrastate  vibrational  energy  redis¬ 
tribution  (IVR). 

F.  Vibrational  laval  structura  of  anthracana  and  Ka 
darivatlvaa 

The  vibrational  excitations  anthracene  in  the5,  mani¬ 
fold.  which  were  obtained  by  LMIF  and  absorption  spec¬ 
troscopy  (Fig.  II)  and  the  vibrational  level  structure  of 
anthracene  in  the  5^  state,  which  was  obtained  from  dis- 
peraed  fluorescence  resulting  from  excitation  into  5,(0) 
(Fig.  12),  are  in  excellent  agreement  with  the  LIF  (laser- 
induced  flurnescence)  data  of  Zewail  eta/.  '*  and  with  model 
calculations.*'  The  vibrational  level  structtue  of  the  S,  state 
for  perdeutroanthracoie  MeA,  9CNA.  9.10DCA, 
9,  lODBA,  and  9BA  is  displayed  in  a  concise  way  in  Figs.  16- 
21,  and  is  confronted  in  Table  V  with  the  characteristic  vi¬ 
brations  of  anthracene.  Seven  prominent  o,  vibrations  out  of 
IS  were  easily  identified  in  the  5,  state  anthracene-A,o 
which  exhibit  only  a  small  energetic  shift  between  So  and  S, 
(Table  V).  The  387, 1 168, 1380,  1420,  and  1S14 cm'*  (or 
1 SS4  cm~ ' )  vibrations  in  the  S,  manifold  of  anthraoene-#,o 
exhibit  a  weak  dependence  on  chemical  substitution  in  the 
ninth  or  the  ninth  and  tenth  positions  (Table  V).  The  —750 
cm~ '  a,  vibration  in  anthracene-/f,o  is  expected  to  be  drasti¬ 
cally  shifted  by  isotopic  and  chemical  substitution,*'  so  that 
the  prominent  vibrational  feature  m  the  range  of  700-800 
cm~ '  for  substituted  anthracenes  corresponds  to  a  progres¬ 
sion  or  combination  band(s).  The  unique  assignment  of  the 
5|  vibrational  structure  above  700  cm~ '  is  complicated  by 


(•  •  •)  repreient  the  abtolttlc  fluofCKCooe  qasatuin  yields  Ttie  upper 
curve  wee  drawn  for  the  uke  of  vitoal  dieplay. 


FIG.  12.  Fluorescence  excitation  tpectnun  of  anthracene  at  tpectrel  resolu¬ 
tion  of  2  cm~'  (lower  curve)  and  energy  resolved  emisaon  from  5,(0)  of 
anthracene  at  spectral  resolution  of  S  cm  (uppercurve).  Numbers  repre¬ 
sent  the  vibrational  excitatiorrs  above  the  electronic  origitu  of  5,  or  of  Sg. 

the  appearance  of  Fermi  resonances  (Table  V),  which  essen¬ 
tially  originate  from  intrastate  anharmonic  coupling  effects 
and  result  in  splittings  of  1-10  cm  ~  Typical  examples  are 
the  748,  755,  and  766  cm~ '  bunch  of  states  and  the  1380, 
1409,  and  1420cm~ '  bunch  of  states  in  theS,  level  structure 


Evib  cm-' 


Torr,  r~l30*C,and2r»6  ram.  NoUtkm  as  in  Fig.  1 1. 
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aAVCLCNSTH  (Xl 

FIG.  14.  FluonscenceexdutionspeclrumMndtbiolulefluorescenceqittn- 
nun  yields  of  9-niethyl  anthracene  in  the  spectral  range  3720-3220  A. 
F=  IIOTorr,  T  =  l30*C,and  Jir  =  6mni.  Notation  as  in  Fig.  II. 

of  anthracene  (Fig.  19).  These  Fermi  resonances  provide 
one  type  of  intrastate  anharmonic  interactions'^^'  which, 
together  with  the  Coriolis  interaction^^  are  responsible  for 
IVR  at  higher  energies,  where  the  S,  manifold  becomes 
denser. 

Another  interesting  implication  of  Fermi  resonance  ef¬ 
fects  is  the  breakdown  of  the  mirror  symmetry  between  the 
absorption  (or  LMIF)  spectrum  and  the  energy-resolved 
emission  spectra  at  higher  excess  vibrational  energies.  A  cur¬ 
sory  examination  of  Figs.  12  and  20  reveals  that  the 


Evfcm-i) 


WAVELENGTH  (1) 


FIO.  IS.  Absorption  spectrum  fluofescence excitation  spectrum  and  atwo- 
lute  fluorescence  quantum  yields  of  9<yanoaathracene  in  the  spectral  range 
3S2S-3328  A.  F>  110  Terr,  r>  I3S*C  and  6  mm.  Noution  as  in 
Fig.  II. 


E  vib  (cm-* I 


3865  3765  3665  3565^  3465 

WAVELENGTH  (A) 


FIG.  16.  Absorption  spectrum,  fluorescence  excitation  spectrum,  and  abso¬ 
lute  fluorescence  quantum  yields  of  9,l0.dicloroanthracene  over  the  spec¬ 
tral  range  386S-337S  A.  F=  lOOTorr,  T=  140’C,  and  6  mm.  NoU- 
tionasinFig.  II. 


WAVELENGTH  (A) 


FIG.  1 7.  Absorption  spectrum,  fluorescence  excitation  spectrum,  and  abso¬ 
lute  fluorescence  quantum  yields  9,  lO-dibromoanthracene  over  the  spec¬ 
tral  range  3875-3375  A.  F  =  100  Ton.  T  =  145  'C  and  JT  =  6  mm.  Nou¬ 
tion  as  in  Fig.  II. 
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PIG.  18.  Absorption  spectrum,  fluorescence  excitation  spectrum,  inddno- 
lute  fluorescence  quantum  yields  of  S-bromoanthracene  over  the  spectra) 
re(ioo37<0-32«oA.i>=>:  lOOTorr,  T=  143 *C  and  JT  =  6 mm.  NoUtion 
as  in  Fig.  1 1 .  The  spectral  features  in  the  LMIF  spectrum  marked  by  a  star 
(•)  correspond  to  an  impurity  of  anthracene. 

So(0)-«5|  absorption  (or  fluorescence  excitation)  and  the 
fluorescence  from  5,(0)  spectra  exhibit  a  mirror  image  for 
E,  aO-800  cm~ while  for  E,  >  800  cm~ '  this  mirror  sym¬ 
metry  is  broken.  As  is  evident  from  Fig.  12,  the  I410cm~' 
vibrational  excitation  in  5o  is  replaced  by  the  Permi  reso¬ 
nance  mates  1380, 1409,  and  1420 cm~ '  in  5,  of  anthracene. 
Interating  effects  of  the  breakdown  of  mirror  symmetry  are 
exhibited  for  9,10DCA  (Fig.  20),  where  the  5,  manifold 
reveals  the  prominent  1390  cm~'  vibration,  which  is  re¬ 
placed  by  the  pair  1406  and  1273  cm~ '  in  5o.  The  appear¬ 
ance  of  the  1273  cm" '  feature  in  5o  may  originate  from  in¬ 
tensity  sharing  due  to  Fermi  resonance  effects,  between  the 
1406  and  1273  cm~'  excitations,  while  the  countergjut  of 
the  latter  exciution  is  absent  in  5,.  Alternatively,  the  1273 
cm~'  in  Sq  of  9,10DCA  may  originate  from  a  vibration 
which  suffers  a  large  frequency  change  between  the  two  elec- 


FIO.  l9.SoiMdei*il«of<lieabiorptioaaiidauan*c«aoeexciutioaspectn 
of  MUhrtecac.  Experiaiciiuri  ooodltioiis  sad  BOUtion  M  in  Rg.  1 1. 


tronic  states.  Another  manifestation  of  the  breakdown  of  the 
mirror  symmetry  pertains  to  the  intensity  alternation 
between  the  absorption  and  the  emission  spectra.  As  is  evi¬ 
dent  from  Fig.  12,  the  relative  peak  intensity  of  the  1410 
cm  ~ '  vibrational  excitation  in  5o  is  considerably  higher  than 
the  sum  of  the  relative  intensities,  which  are  corrected  for  the 
quantum  yield,  of  the  1 380, 1 409  cm  ~ '  manifold  in  5,.  Simi- 
Ivly,  in  the  spectrum  of  9,  lODCA  (Fig.  20), the  1390  cm~' 
vibration  in  5,  is  more  intense  than  the  corresponding  1406 
cm  ~ '  in  5o.  A  mirror  symmetry  breakdown  between  absorp¬ 
tion  and  fluorescoice  can  be  attributed  to  the  following 
fects:  ( 1 )  interference  between  vibronically  induced  and  al¬ 
lowed  transition  moments,**'*’  (ii)  normal  coordinate 
rotation  in  5„^'^'  and  (iii)  Fermi  resonance  anharmonic 
mixing.  Effect  (i)  is  expected  to  be  significant  only  for  sym¬ 
metric  levies  of  a  moderately  weak  electronic  transition,  be¬ 
ing  of  minor  importance  for  the  strongly  allowed  Sg—S, 
transition  of  anthracene  and  its  derivatives.  Nothing  is  pres¬ 
ently  known  regarding  the  Duschinsky  rotation^  [effect 
(ii)]  in  the  5,  manifold,  which  may  modify  the  vibronic 
intensities  of  the  5,  (0)  —5,  transition  but  not  the  5,  (0)  — 5o 
emission  spectrum.^'  The  splitting  of  the  higher  levels  in  5„ 
e.g.,  the  appearance  of  the  1380, 1409,  and  1420  cm~ '  mani¬ 
fold  in  the  5,  state  of  anthracene  (Fig.  12)  points  towards 
the  significant  role  of  Fermi  resonance  effects  in  the  mirror 
symmetry  breakdown. 

Of  some  interest  are  the  low  frequency  5,  vibrations  of 
substituted  anthracene,  which  involve  the  motion  of  the  sub¬ 
stituents.  The  very  low  frequencies  (31  and  54  cm  ~ ' )  exhib¬ 
ited  for  9MeA  correspond  to  the  hindered  rotation  of  the 
CHj  group.**  The  306  cm~ '  vibration  of  9,10DCA  involves 
the  motion  of  the  O  atoms  in  view  of  the  marked  Cl  isotope 
effect  on  this  frequency,**  while  the  202  cm"'  vibration  of 
9,10DBA  may  correspond  to  the  analogous  vibration  in¬ 
volving  the  Br  atoms.  Another  mode  in  this  category  in¬ 
volves  the  3 1 1  cm  ~ '  vibration  of  9BA,  which  corresponds  to 
the  motion  of  the  Br  atom  in  this  compound. 


G.  NonradiaUv*  decay  ratea  of  anthraeana  and  axcaaa 
vibrational  anargy  dapandanca  of  pura  radiative 
Hfathnaa 

The  dependence  of  the  fluorescence  quantum  yields 
from  photoselected  vibrational  excitations  in  the  5,  mani¬ 
fold  of  anthracene  is  portrayed  in  Fig.  1 1 .  Our  quantum  yield 
data  were  combined  with  the  lifetime  r  data  of  Zewail  et  al.  ” 
to  provide  the  dependence  of  the  nonradiative  decay  rates 

=  (1  —  }')/rand  the  pure  radiative  lifetimes  =  r/Y 

over  the  excers  vibrational  energy  range  =(>-3300cm'' 
above  the5|(0)  origin  (Fig.  21 ).  The  pure  radiative  lifetime 
of  the  5,  (a, )  states  in  the  low-energy  domain  (£,  =  0-900 
cm" ' )  are  practically  indqiendent  of  E,,  falling  in  the  range 
T'raa  =  33-38  ns  as  expected  for  a  symmetry-allowed  transi¬ 
tion.  Notable  exceptions  from  this  rule  involve  the  weak  232 
=  47  ns),the  540  (r,^  =  57  ns),  and  the  748  cm"' 
(7'nd  =  30  ns)  vibrational  features,  whose  pure  radiative  li¬ 
fetimes  exceed  by  about  50%  the  values  for  the  elec¬ 
tronic  origin  and  the  low-lying  5, (a,)  states  (Fig.  22). 
These  weak  “abnormal”  spectral  features  were  tenutively 
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FIG.  20.  Absorption  spectrum  at  spectral  resolution  of  4  cm~'  (lower  trace)  and  energy  resolved  emission  from  5,(0)  at  spectral  resolution  of  7  cm~' 
(upper  trace)  of9,t0.dichlaroanthracene.  The  baseline  shift  of  the  absorption  spectrum  is  not  genuine  and  is  corrected  electronically  (see  Sec.  11)  in  Fig.  16. 


attributed  to  vibronically  induced  transitions.  Nonresonant 
vibronic  coupling  effects  originating  from  Duschinsky  rota¬ 
tion  of  the  excited-state  norma]  coordinates  may  result  in  the 
reduction  of  the  transition  moment  for  emission  from  a  non- 
totally  symmetric  vibronic  state,’’*'^'  resulting  in  the  length¬ 
ening  of  .  In  the  higher  energy  domain  (E„  =  1 100-2800 
cm~ ' )  the  values  are  slightly  higher  than  the  radiative 
lifetimes  for  the  ( o, )  states  in  the  low  energy  region,  span¬ 
ning  the  range  38-^S  ns.  Vibronic  coupling  eflTects  mayiie 
operative  for  the  “background”  5,  states  in  the  high  energy 
domain,  which  becomes  populated  by  IVR^^  and  which 
becomes  active  in  5,  —So  emisison,  resulting  in  the  increase 


PIO.  21.  The  dependence  ofthenoufadiative  decay  ritei*,iiid  of  the  pure 
radialivc  fifetiniea  r,M  of  •adirarene  on  the  exceee  vibrational  energy  above 
the  5,(0)  ekctionic  origin. 


of  and  are  of  interest.  However,  the  overall  nearly  con¬ 
stant  values  of  over  a  broad  £„  range  (Fig.  22)  imply 
that  the  data  inferred  from  our  experimental  Y  values 

can  be  used  to  extract  estimates  of  the  vibrational  energy 
dependence  of  which  are  reliable  within  1 5%,  or  so.  The 
quantum  yield  data  for  the  variety  of  anthracene  derivatives 
( Figs.  1  &-2 1 )  provide  a  wealth  of  semiquantitati ve  informa¬ 
tion  on  intramolecular  dynamics. 


H.  General  trende  of  the  excess  vibrational  energy 
dependence  of 

The  excess  vibrational  energy  dependence  of  the  nonra- 
diative  rates  from  the  S,  manifold  of  anthracene  (Fig.  21) 
exhibit  three  energy  domains; 

(A)  The  low  energy  region^,  <8(X)cm“'  where  irreg¬ 
ular  variation  of  k„  values  is  revealed,  exhibiting  m(xie 
specificity  of  the  electronic  relaxation  rates. 

(B)  The  intermediate  energy  region  8(X)<£<I800 
cm~’,  where  k„  increases  practically  monotonically  with 
increasing  E, 

(C)  The  high  energy  domain  >  1 8(X)  cm where  k,, 
exhibits  a  weak  dependence  on  the  excess  vibrational  energy. 

An  examination  of  the  E,  dependence  of  the  quantum 
yields  for  anthracene  (Figs.  11  and  21)  perdeuteroanthra- 
cene  (Fig.  13),  9MeA  (Fig.  14),  and  9CNA  (Fig.  15)  re¬ 
veals  similar  characteristics.  In  particular,  it  should  be  noted 
that  repons  (B)  and  (C)  seem  to  be  exhibited  in  all  these 
molecules.  These  universal  characteristics  of  the  interstate 
electronic  relaxation  in  regions  (B)  and  (C)  of  large  mole- 
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TABLE  V.  Vibrational  level  structure  of  anthracene  and  some  of  its  derivatives.* 


Anthracene-//,, 

Anthracene-/>,a‘ 

9MeA 

9CNA 

9,IOOCA 

9.I0DBA 

9BA 

232(S;,) 

31.54,68' 

217* 

198 

59 

306' 

157 

202* 

311 

387(5,),  393(5;,) 

369 

386 

377 

401 

399 

395 

(369  (a,)] 

(361  (a.)] 

405 

(2  X  202) 

473(5,  ),463(5i) 

541(5,),  527(5i) 
(5I7(*„)J 

583(5,),  633(5;,) 

598 

(202  +  399) 

748(5,),  755(5,), 

766(5,) 

757(5i).  783(5;,) 

633 

743 

711 

753 

710 

792 

703 

(735(//,)J  -(.2x387 

-(■FRS* 

(2  x  369) 

(2X386) 

(2X377) 

(2  x  306)‘ 

(2X395) 

(33 -(-  395) 

1168(5,),  1169(5;,) 

827 

1157 

1160 

1168 

1166 

1158 

(I169(a,)) 

1266(5;,) 

846(a,) 

1246 

(1240(a,)] 

1380(5,),  1410(5;,) 

1380 

I4(n 

1396 

1390 

1379 

1378 

(I398(a,))  -(-FRS 

(I347(a,)] 

1409(5,),  1420(5,) 

1450 

1474 

1477 

1514(5,),  1567(5;,) 
(I557(a,)] 

1554(5,) 

1481 

1508 

1577 

1488 

1579 

‘All  energies  are  given  relative  to  the  electronic  origin  of  the  molecule  (in  cm~ '). 

"For  anthracene-ff  ,0  we  present  the  energies  of  the  S,  manifold  ( marked  (5, )  1  and  of  the  So  manifold  |  marked  ( So) ) .  For  all  other  compounds  the  energies 
of  the  S|  manifold  is  presented. 

‘Calculaled  a,  ( allowed )  and  hj,  ( vibronicaDy  induced )  vibrational  frequencies  for  the  So  manifold,  which  were  Uken  from  the  work  ofCalifano  rl  al.  ( Ref. 
61(a))  andofOhno  (Ref  61  (b)|,  are  marked  ((a,)]  and  ((hi,)] .  FRS  denotes  Fermi  resonaiues. 

'The  low  frequencies  for  the  hindered  rotation  of  the  Me  group. 

‘Low  frequency  motion  of  the  CN  group. 

‘Motion  of  Q  groups. 

■Motion  of  Brgroup(t). 

‘For  vibrational  energies  exceeding  TOO  cm  ~ Fermi  resonance  effects  make  vibrational  assignment  uncertain. 


cules  is  related  to  the  effects  of  intrastate  intramol^ular  vi¬ 
brational  energy  redistribution  (I  VR). 

The  manifestations  of  intrastate  IVR  can  be  infemd 
from  the  appearance  of  Fenni  resonances  in  the  So—S,  ab¬ 
sorption  (or  LIF)  spectra,*-'*  the  splitting  and  broadening 
of  the  energy-resolvd  Si  —Sq  emission'*  and  the  exhibition 
of  quantum  beats  in  the  simultaneous  time-resolved  and  en¬ 
ergy-resolved  decay  The  study  of  Felker  and  Zewail  on 
rVR  in  the  St  manifold  of  anthracene**^  indicates  that  re¬ 
gion  (B)  corresponds  to  the  intermediate  level  structure  for 
intrastate  mixing,  while  region  (C)  corresponds  to  the  sta¬ 
tistical  limit  for  IVR.  Regarding  the  manifestations  of  IVR 
on  electronic  relaxation  it  has  already  been  proposed*-**  that 
the  features  of  range  (C)  originate  from  eil^ent  IVR  in  the 
Si  manifold,  i.e.,  the  statistical  limit  for  IVR  which  alTectt 
the  dynamics  of  the  mediated  5*1 — Fcrossing.  We  assert  that 
range  (B)  correqionds  to  the  intermediate  level  structure  of 
IVR  within  the5|  manifold,  which  results  from  anharmonic 
or/and  Coriolis  interactions.  It  has  been  suggested*****  that 
the  anharmonic  interactions  provide  a  dominating  contribu¬ 
tion  to  the  intrastate  coupling.  Recent  studies  on  rotational 
state  dependence  of  the  time-resolved  decay  and  of  fluores¬ 


cence  quantum  yield  from  vibronic  states  in  range  (B)  of 
9CNA  demonstrate  the  signiffcant  role  of  Coriolis  interac¬ 
tions.”-^**  From  these  considerations  the  following  picture 
emerges  of  intramolecular  dynamics  in  the  5,  manifold  of 
these  substituted  anthracenes.  Range  (A)  corresponds  to 
the  sparse  level  structure  in  5|,  where  intrastate  coupling 
does  not  prevail  and  each  individual  5,  level  may  undergo 
(direct  or  mediated)  ISC  to  T,.  In  range  (B)  intrastate  in¬ 
teraction  couple  a  Si  doorway  state,  which  carries  oscillator 
strength  from  the  ground  state  origin  50(0)  with  back¬ 
ground  Si  states,  which  do  not  carry  oscillator  strength  from 
5o(0).  The  sc'jumbled  5,  manifold  exhibits  a  mediated  ISC 
to  the  statistical  T  manifold.  The  major  cause  for  the  de¬ 
crease  of  Y  with  increasing  E,  in  range  (B)  is  attributed  to 
the  difference  in  the  nonradiative  decay  rates  of  the  doorway 
state(s)  and  of  the  background  states.  On  the  basis  of  the 
experimental  data,  we  assert  that  the  nonradiative  ISC  rates 
of  the  background  5,  states  exceed  that  of  the  5,  doorway 
states.  This  is  reasoiiaUe,  as  different  symmetries  of  these 
levels  will  affect  the  Franck-Condon  factors  which  deter¬ 
mine  ISC.  Range  (C)  corresponds  to  the  statistical  limit  of 
IVR,  where  the  5|  doorway  states  decay  nonradiatively  to 
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Flo.  22.  Details  of  the  stMorptioii  (lower  trace)  and  fluorescence  exciution 
(upper  trace)  spectra  of  9, lO-dibromoanlhracene  in  the  ran(e  3866-3768 
A.  Note  the  huge  drop  between  the  fluorescence  quantum  yield  St  202  cm 
relative  to 0-0  and  iS7cm 

dense  manifold  of  background  5,  states,  which  in  turn  decay 
to  the  r  manifold.  The  interstate  dynamics,  which  is  mani¬ 
fested  by  the  fluorescence  quantum  yield,  is  then  governed 
by  the  decay  rates  of  the  S,  background  states. 

The  existence  of  domains  (S)  and  (C)  seems  to  be  uni¬ 
versal**  and  was  observed  in  the  5,  manifold  of  many  other 
large  molecules,  e.g.,  tetracene,*  pentacene,**  perylene,^' 
fluorene,”  and  carbazole.^'  This  universality  inspires  confi¬ 
dence  in  the  admittedly  qualitative  picture,  which  rests  on 
the  coupling  between  intrastate  FVR  and  interstate  elec¬ 
tronic  relaxation.  Regarding  the  interstate  coupling  we  have 
already  noted  that  the  dynamics  of  electronic  origins  cannot 
be  described  in  terms  of  the  simple-minded  picture  for  direct 
St  —  (T,)  coupling,  and  mediated  coupling  has  to  be  in¬ 
voked.  These  mediating  coupling  effects  are  manifested  in 
the  E,  dependence  of  Kof  9,10DCA  and  9,10DBA,  which 
will  now  te  oonsideied. 

I.  Resonance  offtets  In  th*  (topwndtnc*  of  ISC 
dynamics 

We  have  seen  in  Sec.  Ill  E  that  for  the  electronic  origins 
of  9,  lODCA  the  ISC  is  blocked  while  the  electronic  origin  of 
9,  lODBA  is  practically  immune  with  respect  to  ISC  exhibit¬ 
ing  modest  electronic  relaxation  due  to  direct  ISC.  As  these 
molecules  are  characterized  by  medium  (for  9,  lODCA)  and 
high  (for9,10DBA)  intramolecular  spin-orbit  coupling,  we 
expect  that  the  onset  of  mediated  ISC  will  be  manifested  by  a 
large  abrupt  drop  of  Y  with  increasing  E, .  This  expectation 
is  borne  out  by  the  dependence  of  T  for  9,  lODCA,  where 


the  fluorescence  quantum  yield  reveals  a  dip  at  401  cm~ ' 
and  drops  by  a  numerical  factor  of  9  in  the  energy  domain 
between  617  and  805  cm~ '  and  retains  a  low  value  at  higher 
(Fig.  16).  This  pattern  is  attributed  to  the  onset  of  medi¬ 
ated  ISC  at  ff,>401  cm~'  with  the  401  cm“'  sute  being 
already  coupled  to  the  {IT*}  manifold,  while  eflBcient  cou¬ 
pling  with  the  mediating  {  T  *  }  manifold  sets  in  at  the  energy 
domain  711-805  cm~'.  A  more  interesting  and  detailed 
manifestation  (^the onset  ofmediated  coupling  at  finitef,  is 
exhibited  in  9,  lODBA.  In  Figs.  22  and  23  we  present  the  low- 
energy  LMIF  and  absorption  spectra  of  9,  lODBA,  which 
exhibit  clearly  the  high  value  of  Fat  the  origin  and  at  the  1 57 
and  399  cm~ '  vibration  with  the  huge  decrease  of  Y at  202 
(Fig.  22)  and  at  405  cm~'  (Fig.  23)  vibrations.  It  is  ex¬ 
tremely  interesting  to  note  that  a  small  shift  of  the  S,  vibra¬ 
tional  energy  by  6  cm~'  from  399  to  405  cm~'  residts  in  a 
twentyfold  decrease  in  Y,  while  a  shift  of  35  cm~ '  from  598 
to  633  cm~'  leads  to  a  thirtyfold  increase  of  Y.  It  is  also 
interesting  to  note  that  the  three  vibrational  excitations  of 
202, 405  (2  x  202),  and  598  cm"'  (202  -|-  399),  which  ex¬ 
hibit  low  Y  value  for  9,  lODBA,  involve  the  Br  atom  vibra¬ 
tions,  pointing  towards  m(xle  specificity  in  the  S',  —  {T*} 
coupling.  The  three  marked  minima  in  the  oscillatory  energy 
dependence  of  Y  vs  £.  can  be  accounted  for  in  terms  of  near 
resonances  between  the  following  pairs  of  levels:  (i)  (0) 

with  S,  (202  cm"'),  (ii)  7’j,(0)  202  cm"'  with  S,  (405 

cm"'),  and  (iii)  T^CO)  399  cm"'  with  S,  (598  cm"'). 
The  near-resonant  interaction  between  the  portions  of  the  S, 
and  {  }  manifolds  will  considerably  enhance  the  interstate 

coupling  of  these  specific  S,  levels,  while  other  states  in  the 
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HO.  23.  DeUib  of  the  absorption  and  fluorescence  excitation  spectn  of  9, 
IO.<tibromoanthracene  in  the  range  3807-3803  A.  Note  the  dramatic  dilfer- 
ence  in  the  fluorescence  quantum  yield  between  399  and  403  cm~ 
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Si  manifold  in  this  energy  domain  are  not  effectively  coupled 
to  the  mediating  states.  The  remarkable  oscillatory  energy 
dependenceofy  together  with  the  energetic  sensitivity  of  the 
ISC  rates  (Fig.  17)  is  attributed  to  accidental  near  degener¬ 
acies  between  the5,  doorway  state(s)  in  the  range  202-800 
cm" '  and  the  mediating  states  in  the  {Ti }  manifold.  Ac¬ 
cording  to  our  picture  the  details  of  the  S,  —  {T,}  energe¬ 
tics  will  determine  the  quantitative  details  of  the  ISC  rates. 
The  physical  picture  based  on  resonance  effects  is  extremely 
attractive.  Further  experimental  confirmation  of  the  role  of 
5|  —  }  resonance  eflfects  was  obtained  from  the  study  of 

the  implications  of  level  shifts  of  the  202  cm"'  vibration 
induced  by  complexing  and  by  isotopic  analysis  of 
9.10DBA. 

We  have  studied  the  fluorescence  quantum  yields  of 
9,10DBA  Ar  complexes  at  low  vibrational  excitations.  In 
Fig.  24  we  present  the  absorption  and  the  LMIF  spectra  of 
9,  lODBA  expanded  in  Ar  at  several  stagnation  pressures^  of 
the  diluent.  Several  hot  bands  of  9,10DBA  are  suppressed 
with  increasing /I,  e.g.,  the  146  cm"'  features  (Fig.  24).  In 
addition  to  the  bare  molecules  157  and  202  cm" '  vibrations 
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FIO.  24.  Absorption  ipectn  (ieft-hand  tide  curves)  and  Suorescence  esd- 
UtMnspeem  (right-liand  tide  curves)  or9,IOdibromosnthraceneattever- 
it  stegnstMu  prenurct  of  Ar*  vrhtch  are  marked  on  the  spectra.  AB  die 
spectra  reveal  tliel57cm"'aiidllie202cm-'  reatures.  whkb  correspond 
toS,  vibsalionai  exciution  of  the  bare  mdeculet.  At  low  ttafnation  pres- 
suret  Ton  and  ^  »  S8  Tort  hot  sequence  bands  of  the  bare  mol^ 
cules  appear,  the  moat  prominent  beins  the  144  cm"'  feature,  which  is 
marked  hJ.  The  HJ.  ditappean  at  hither  P.  At  132  Tort  and 
/»-  I  SO  Terra  new  spectral  feature  appears  at  1 51  cm  "'which  is  attribut¬ 
ed  toa  9,  IDDBA,  Ar  van  der  Waals  complex. 


a  new  feature  appears  at  151  cm" '.  The  .relative  intensity  of 
this  1 5 1  cm  ~ '  new  feature  strongly  increases  with  increasing 
stagnation  pressure.  Accordingly,  the  151  cm"'  feature  is 
attributed  to  a  vibrational  excitation  of  the  9,10DBA  Ar, 
complex.  The  spectral  shift  of  the  electronic  origin  of 
9,10DBA  Ar,  relative  to  5,(0)  of9,10DBA  wasfoundtobe 
—  50  ±  2  cm  ~ .  A  similar  shift  is  expected  for  intramolecu¬ 
lar  vibrational  excitations  of  9,I0DBA  Ar,.  Thus  the  151 
cm" '  excitation  is  assigned  to  the  202  cm" '  intramolecular 
vibrational  excitation  of  the  9,  lODBA  Ar,  complex.  The  red 
spectral  shift  is  attributed  to  dispersive  stabilization”  of  S, 
(202  cm" ' )  relative  to5o(0).  On  the  other  hand,  the  stabili¬ 
zation  of  the  mediating  ( r* )  manifold  by  dispersive  inter¬ 
actions  is  smaller  than  that  of  5,.  We  thus  expect  that  the 
energy  defect(s)  |£’(5,(202)  —E(T,)\  which  determine 
the  mediated  ISC  rate  according  to  Eq.  (2),  will  be  grossly 
modified  by  Ar  complexing.  While  in  the  bare  molecule 
near-resonant  interaction  between  5,  (202  cm" ' )  and  some 
(T,)  levels  prevails,  the  dispersive  level  shift  of  5,  (202 
cm  ~ ' )  will  destroy  the  near  accidental  degeneracy  resulting 
in  a  dramatic  enhancement  of  Y  from  the  5,  (202  cm"') 
level  of  the  Ar  complex  relative  to  that  of  the  bare  molecules. 
In  Table  VI  we  present  the  quantum  yield  data  for  the  low 
vibrational  levels  of  9, 1 ODB  A  Ar.  The  two  orders  of  magni¬ 
tude  increase  of  Y  for  the  202  cm  " '  vibration  in  the  complex 
is  attributed  to  the  energetic  “liberation”  of  this  level  from 
near-resonant  coupling,  which  is  induced  by  complexing. 
Alternative  interpretations  of  the  dramatic  enhancement  of 
-  Y  for  this  vibrational  excitation  should  be  considered.  One 
possibility  involves  vibrational  predissociation  of  the 
9,  lODBA  Ar  complex.  However,  from  extensive  model  cal¬ 
culations  and  experimental  dau”  for  the  dissociation  ener¬ 
gies  of  large  vdW  complexes  it  is  apparent  that  the  dissocia¬ 
tion  energy  of  the  9,  lODBA  Ar  complex  should  be  500-600 
cm" '  (Ref.  72)  so  that  the  reactive  vibrational  predissocia¬ 
tion  channel  is  closed  at  202  cm" '.  Another  mechanism  for 
the  intramolecular  dissipation  of  the  intramolecular  vibra¬ 
tional  energy  may  involve  nonreactive  IVR  between  the  in¬ 
tramolecular  202  cm"'  vibration  and  the  low-frequency 
molecule-Ar  vibration  within  the  complex.  This  process, 
which  cannot  be  excluded  at  present,  will  eliminate  the  near- 
resonant  |£(5,(202)  -  £(r„ )  I  coupling  due  to  dynamic  ef¬ 
fects. 

Level  shifts  of  the  5)  (202  cm"')  vibrational  excitation 
relative  to  the  {  }  manifold  in  9,  lODBA  can  be  induced  by 

isotopic  substitution  of  the  Br  atom.  In  Fig.  25  we  portray  an 
interesting  energy  dependence  of  the  quantum  yield  within 
the  contour  of  the  202  cm  ~ '  excitation,  which  reveals  a  drop 


TABLE  VI.  Fluorcxeence  quxntum  yieMx  from  9,t0DBA  and  9,I0DBA 
Ar. 


Energy* 

9.I0OBA 

9,  lODBA  Ar 

(cm  ') 

0 

0.72 

0.65 

202 

0.005 

0.40 

*  Relative  to  electronic  orifin. 
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FIG.  2S.  Absorption  spectrum  (dashed  lower  curve),  fluorescence  excita¬ 
tion  spectrum  (solid  lower  curve),  and  relative  fluorescence  quantum  yield 
(upper  curve)  across  the  (unresolved)  contour  of  the  202  cm  ~  ‘  5,  excita¬ 
tion  of  9, 1 0-dibromoanthracene. 


of  Y  at  lower  energies.  The  202  cm  “ '  vibration  of  9,  iODBA, 
which  involves  the  motion  of  the  Br  atoms,  is  expected  to 
exhibit  a  marked  Br  isotope  effect  in  an  analogy  to  the  306 
cm~'  vibration  of  9,10DCA.“  The  202  cm"'  contour  of 
9,  IODBA  consists  of  a  superposition  of  the  rotational  con¬ 
tours  of  Br”Br”,  Br’*Br*',  and  Br*'Br*'  compounds  with 
the  relative  shifts  of  0.7  and  1.3  cm" '.  In  contrast  to  the5, 
(202  cm"')  excitation,  the  {r„}  manifold  does  not  neces¬ 
sarily  involve  Bratom  vibrational  motion  and  is  not  marked¬ 
ly  affected  by  isotopic  substitution.  Accordingly,  the 
|£(5, (202) )  —  E(r,)\  energy  defects  are  modiffed  by  |he 
Br  isotopic  substitution,  with  small  energy  shifts  resulting' ^n 
a  dramatic  one  order  of  magnitude  change  of  the  mediated 
ISC  rate. 

We  have  attributed  the  remarkable  oscillatory  depen¬ 
dence  of  y  vs  in  9,10DBA  to  near-resonant  effects 
between  some  vibrational  excitation  of  5,  and  the  {T,} 
manifold.  This  mechanism  is  consistent  with  the  manifesta¬ 
tion  of  the  energetic  level  shifts  of  S,  induced  by  intermole- 
cular  complexing  or  by  intramolecular  isotopic  substitution. 
A  marked  oscillatory  dependence  of  T  vs  is  also  exhilnted 
in  the  low  E,  domain  of  9BA  (Fig.  18),  where  at  £.  =:  31 1 
cm"'  Y  drops  by  about  one  order  of  magnitude.  The  ex¬ 
tremely  low  Y  values  for  9BA  imply  that  the  mediating 
mechanism  is  operative  already  for  S,  (0)  and  for  all  vibra¬ 
tional  excitations  of  5,.  Accordingly,  the  drop  of  K  for  5, 
( 3 1 1  cm  " ' )  for  9DBA  cannot  be  attributed  to  near-resonant 
effects  with  the  {7^}  manifold.  The  31 1  cm" '  of  9BA  in¬ 
volves  the  motion  of  the  Br  atom  and  the  surprising  reduc¬ 
tion  of  Yfot  this  state  may  originate  from  mode  specificity  in 
the  5,  —  {r,, }  coupling.  An  attractive  possibility  exists  that 
the  resonances  in  T observed  both  in  9,  IODBA  and  9B A  are 
partially  due  to  an  enhanced  coupling  strength  of  those  vi¬ 


brational  states  involving  bromine  atoms  motion  with  the 
mediating  {  F* }  manifold.  The  nature  of  mode  specificity  in 
mediated  ISC  deserves  a  further  study. 

J.  Coupling  between  IVR  and  mediated  ISC 

The  intramolecular  dynamics  in  the  S,  manifold  of 
anthracene  and  its  derivatives  is  dominated  by  the  interplay 
between  two  classes  of  intramolecular  interaction: 

(i)  Intrastate  coupling  involving  anharmonic  and/or 
Coriolis  coupling  which  does  not  prevail  for  5,  (0 )  but  sets  in 
with  increasing 

(ii)  Interstate  coupling  involves  two  types;  (a)  very 
weak  direct  spin-orbit  coupling  which  prevails  only  when 
the  intramolecular  spin-orbit  interaction  is  appreciable,  i.e., 
9,  IODBA;  (b)  mediated  spin-orbit  and  vibronic  coupling 
Eq.  ( 1 ),  which  dominates  the  ISC.  The  dominant  role  of 
mediated  coupling  in  this  class  of  compounds  emerging  from 
our  data  is  evident  from  the  inverse  deuterium  isotope  effect 
on  ISC  at  the  origin,  the  sensitivity  of  of  5,  (0)  to  isotopic 
substitution,  the  erosion  of  the  inverse  isotope  effect  by  Ar 
complexing,  the  stepwise  onset  of  ISC  in  9, 1 ODCA,  the  reso¬ 
nance  effects  on  ISC  in  9,  IODBA  and  their  modification  by 
At  complexing. 

The  intrastate  coupling  depends  on  the  excess  vibration¬ 
al  energy,  while  the  nature  of  the  mediated  interstate  cou¬ 
pling  depends  on  the  nature  of  the  molecule.  In  Fig.  26  we 
present  the  relevant  coupling  schemes  which  are  encoun¬ 
tered  in  this  class  of  compounds.  The  following  cases  were 
documented: 

( 1 )  The  interstate  5,  —  {Ti)  coupling  to  the  statistical 
limit,  while  intrastate  coupling  does  not  prevail.  This  situa¬ 
tion  corresponds  to  the  S,(0)  origins  of  9CNA,  9,10DCA, 
and  9, IODBA.  ISC  is  very  inefficient,  being  exhibited  only 
for  5,(0)  of9,10DBA. 

( 2 )  The  interstate  coupling  5,-{  T  *  }-{  T, }  is  mediated 
with  the  sparse  {r,}  manifold  while  Y*  — {T,}  coupling  is 
statistical.  No  intrastate  coupling  prevails.  This  situation 
corresponds  to  (i).  The  5,(0)  origin  and  low  vibrational 
excitation,  i.e.,  range  ( A )  of  anthracene,  its  deuterated  anth¬ 
racenes,  and  9MA.  (ii)  The  electronic  origin  and  low  vibra¬ 
tional  excitation  9BA,  where  the  very  low  quantum  yield  is 
due  to  the  high  spin-orbit  interaction,  (iii)  Some  vibrational 
excitations  of  9,10DCA  and  9,  IODBA  which  exhibit  reso¬ 
nance  effects  on  ISC. 

( 3 )  The  interstate  coupling  5,— (  Tj  }-{  T, }  is  mediated 
by  the  {  T, }  manifold,  while  intrastate  coupling  is  effective  in 
the  5,  manifold  and  corresponds  to  the  intermediate  level 
structure.  This  state  of  affairs  corresponds  to  participation 
of  both  doorway  and  background  5,  states  in  the  ISC  pro¬ 
cess.  This  state  of  affairs  corresponds  to  range  (B)  in  anthra¬ 
cene,  deuterated  anthracenes  9CNA  and  9BA. 

(4)  The  intersute  5,-{7’I }-{r,}  coupling  is  mediat¬ 
ed,  with  the  {T*  }  manifold  being  statistical.  Intrastate  cou¬ 
pling  between  the  doorway  and  background  5,  states  pre¬ 
vails  and  IVR  corresponds  to  the  statistical  limit.  The  ISC 
rates  are  determined  by  the  ISC  rates  of  the  background  5, 
states,  which  decay  to  the  statistical  {r*}  manifold.  These 
ISC  rates  exhibit  a  weak  dependence.  This  state  of  affairs 
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FIG.  26.  Inicrsute  and  intrastate  exHipling  schemes  for  intenystem  crossing,  (a)  A  doorway  slate  of  a  very  sparse  S,  manifold  undergoing  direct  ISC  to  a 
( Tf )  quasiconlinuum.  (b)  A  doorway  state  of  a  very  sparse  5,  manifold  undergoing  mediated  ISC  through  near-resonant  coupling  with  a  sparse  ( 7*. ) 
manifold,  (c)  The  S,  manifold  becomes  denser  and  intrastate  coupling  between  the  doorway  state  background  S,  sutes  prevails.  The  mixed  +  S 
stales  decay  via  mediated  ISC.  (d)  The5|*’  and  ( T, )  manifolds  are  statistical  relaxation  and  can  be  described  in  terms  of  sequential  decay,  i.e.,5  ^  (S  ) 
—  ( r, )  —  ( r, ),  which  corresponds  to  a  sequence  of  IVR,  ISC,  and  triplet-triplet  internal  conversion. 


prevails  at  high  values  of  E„  for  all  the  anthracene  deriva¬ 
tives  in  range  (C).  From  the  limiting  high  £„  quantum 
yields  (Table  VII )  we  -nfer  that  the  ISC  rates  depend  on  the 
intramolecular  spin-orbit  coupling,  as  expected.  In  range 
(C)  the  ISC  rates  (Table  VII)  are  weakly  dependent  on  the 
position  of  the  same  classical  substituents  and  on  the  isotopic 
substitution.  The  erosion  of  the  inverse  deuterium  isotope 
effect  in  this  range  can  be  rationalized  in  t^ms  of 
{5,}_{7'J }  ISC  in  the  statistical  limit  which  corresponds 
to  a  sm^l  electronic  energy  gap.” 

The  intramolecular  dynamics  in  the  5,  manifold  of 
anthracene  and  its  derivatives  exhibits  mode  specificity  of 
ISC  due  to  the  interplay  between  two  classes  of  effects.  First, 
intrastate  coupling,  which  corresponds  to  the  intermediate 
level  structure  in  5„  and  second,  resonance  effects  due  to 
intersUte  coupling  of 5,  sUtes  with  a  relatively  sparse  {rj  ) 
manifold.  These  mode-specific  effects  will  prevail  only  pro¬ 
vided  that  either  the  {5|}  manifold  or  the  {T*}  manifold  is 


TABLE  VII.  High  E,  ISC  rates  of  anthracene  derivatives. 


Molecule 

E,  (cm" 

')  Y 

Anthracene 

2919 

0.132 

6.6 

Anthracene-0, p 

2893 

0.130 

6.7 

9CN  Anthracene 

2718 

0.13 

6.7 

9,  lO-dichloroanthracene 

8271 

0.017  1 

58 

9-bromoanthracene 

1770 

0.001  24 

806 

9,  KMibromoantbracene 

2860 

0.001  8 

550 

sparse.  Such  effects  are  expected  to  be  exhibited  only  in  the 
low  energy  region  ( A )  and  in  the  intermediate  energy  region 
(B).  In  the  high  domain  all  vibrational  mode  specificity 
for  ISC  disappears  due  to  efficient  IVR  in  the  5,  manifold, 
while  all  resonance  effects  are  cancelled  out  in  the  statistical 
mediating  {T,}  manifold.  Intramolecular  ISC  in  this  high- 
energy  domain  corresponds  to  “chemical”-type  intramole¬ 
cular  dynamics  in  an  isolated  molecule  where  all  mode- 
specificity  effects  are  eroded. 
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1.  -  Prologoe. 

Structural,  electronic,  dynamic  and  chemical  characteriEtics  of  materialB 
depend  primarily  on  the  state  (t.e.  the  phase)  and  on  the  degree  (t.e.  the  size) 
of  aggregation.  The  level  structure  of  elementary  excitations,  e.g.,  phonons, 
electrons,  excitons  in  clusters,  t.e.  finite  aggregates  [1-3],  cannot  be  charac¬ 
terized  in  terms  of  the  conceptual  framework,  which  rests  solely  on  one  of 
the  two  traditional  disciplines  of  solid-state  physics  and  of  molecular  physics 
(table  I).  The  area  of  the  structure,  level  structure  and  dynamics  of  clusters, 
which  is  the  subject  matter  of  these  lectures,  bridges  the  gap  between  solid- 
state  and  molecular  physics.  The  properties  of  clusters  in  microscopically 
inhomogeneous  solids,  e.y.,  granular  metals,  have  been  studied  for  a  long 
time  [4].  Impetus  for  the  interrogation  of  the  properties  of  clean  and  isolated 
clusters  stemmed  from  the  remarkable  progress  in  the  areas  of  supersonic 
jets  and  cluster  beams  [6, 6],  which  provided  the  basis  for  intensive  and  exten¬ 
sive  experimental  and  theoretical  effort.  As  an  example  we  consider  the  equi¬ 
librium  structure  of  a  characteristic  rare-gas  cluster,  {Ar)„  (fig.  1),  which  was 
determined  from  classical  molecular-dynamics  calculations,  and  which  exhibits 
the  icosahedron  structure  (to  be  discussed  in  sect.  2). 

There  are  some  compelling  reasons  for  the  study  of  isolated  clusters. 

A)  Exploration  of  new  basic  physicak- phenomena.  These  are  finite 
systems  with  a  congested  spectrum  of  energy’  levels  (for  electronic  states, 
phonons,  etc.  [7]).  The  level  structure  can  be  varied  continuously  by  changing 
the  cluster  size.  Accordingly,  one  can  accomplish  a  « continuous  transition  > 
from  molecular  to  solid-state  systems. 

B)  Microscopic  approach  to  macroscopic  phenomena,  such  as  nuclea- 
tion,  adsorption  and  desorption  and  catalysis  [2]. 


(*)  Permanent  address:  School  of  Physics,  Georgia  Institute  of  Technology,  Atlanta, 
GA  30322. 
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Tabin  I.  -  VtUfitd  eoneepU  for  ike  detoription  of  toUd-rtaie  and  tiudMUar  lyitenu. 


Properties 

Discipline 

Solid-state  physics 

Molecular  physics 

Symmetries 

Ubiquity  of  ordered  struc¬ 
tures  with  (approximate) 
symmetry  of  a  periodic 
space  group.  Note  that 
positionally  and  composi- 
tionally  ordered  structures 
(broken  symmetries)  also 
exist 

A  finite  set  of  bound 
atoms  whose  equilibrium 
structure  can  be  specified 
in  terms  of  permutation 
symmetry  and  (approxi¬ 
mate)  imiDt  group  sym¬ 
metry 

Density  of  states  for 
elementary  excitations 

Continuous ;  characterised 
by  Van  Hove  topological 
singularities  for  ordered 
structures  and  by  expo¬ 
nential  Mott  tails  for  dis¬ 
ordered  materials 

Discrete  for  low-energy 
excitations 

Characteristio  lengths  of 
elementary  exoitations 

Phonon  wavelength,  elec¬ 
tron  mean  free  path  and 
coherence  lengths  are  con¬ 
siderably  shorter  than 
samide  dimensions 

Concept  not  directly  ap¬ 
plicable 

Vibrational  excitations 

Continuous  density  of 
phonon  states 

Fundamental  vibrational 
excitations  are  discrete, 
being  characterised  in 
terms  of  normal  and  local 
modes.  In  large  molecules 
quasi-continuum  of  vibra¬ 
tional  states  exists  at  high 
energies 

Electronic  states 

Continuous  density  of  elec¬ 
tronic  states 

Discrete  electronic  excita¬ 
tions  below  fast  ionisation 
potential 

Xr 

0)  A  variety  of  technological  applications  [1-3]  rests  on  cluster  physics 
and  chemistry.  These  include  photography,  aerosols  and  smoke,  sintering  of 
small  particles  in  vacuum,  plasma  injection,  as  well  as  magnetism  and  super¬ 
conductivity  of  metallic  clusters. 

i>)  Astrophysical  apphcations.  The  elucidation  of  the  nature,  the  forma¬ 
tion  mechanism  and  the  properties  of  cosmic  dust  rests  on  cluster  sdenoe  [8]. 

The  first  obvious  question  is,  how  does  a  cluster  hold  itself  togethert  The 
energetic  stability  of  a  cluster  is  determined  by  the  binding.  A  classification 
of  the  nature  of  the  chemical  bonds  in  clusters  is  presented  in  table  U.  Clusters 
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Fig.  1.  -  The  equilibrium  structure  of  the  (Ar)u  cluster  obtained  from  molecular- 
dTnamics  calculations  at  24  K. 


fall  into  tyro  general  categories  according  to  the  strength  of  the  chemical 
binding;  ^ 

1)  « Weak  interactions  prevailing  for  Van  der  Waals  (VdW)  type,  as 
well  as  for  molecular  and  hydrogen-bonded  clusters. 

2)  f  Strong  interactions  s,  which  encompass  ionic  and  valence  clusters, 
as  well  as  many  metallic  clusters. 

The  atomic  structure  of  the  cluster  (at  0  K)  is  a  direct  consequence  of  the 
binding.  At  finite  temperatures  the  contribution  of  the  vibrational  excitations 
in  the  free  energy  of  the  cluster  has  to  be  incorporated.  Figure  2  provides 
a  typical  example  for  the  temperature  dependence  of  the  equilibrium  configura¬ 
tion  of  alkali  halide  clusters,  which  were  explored  by  Mabtiv  [9]  and  by  ns  [10]. 
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Table  II.  -  OUuiifieaUon  of  binding  in  dustero. 


Type 

«  Canonical » 

caacfl 

Cause  of 
binding 

Average 

binding  energies 

Occurrence 

Van  der 

Waals 

clusters 

rare  gases  Ji, 
(N,).. 

(CO,),.  (SF,), 

dispersive  plus 
weak 

electrostatic 

weak  binding 
Z)<0.3eV 

aggregates  of  rare 
gases  and  closed -shell 
molecules 

molecular 

clusters 

organics  (if), 
(It)« 

dispersive 
electrostatic 
(weak  valence) 

moderate  binding 
D-^(0.3~l)eV 

aggregates  of  organic 
molecules  and  some 
closed-shell  molecules 

hydrogen- 

bonded 

clusters 

(HP),. 

(H,0), 

H-bondmg 
electrostatic 
charge  transfer 

moderate  binding 
2)~(0.3~0.6)eV 

closed-shell  molecules 
containing  H  and 
electronegative  ele¬ 

ments 

ionic 

cluBtere 

(Naa),. 

(CaF.), 

ionic  bonds 
charge-charge 
interactions 
shell  effects 
(IP-f-EA) 

strong  binding 
i)~(2-f4)  eV 

metals  from  left-hand 
side  of  periodic  table 
plus  right-hand  side 
electronegative  ele¬ 

ments 

valence 

clusters 

Sg,  Aflg 

«  conventional  > 
chemical  bonds 

strong  binding 
I>~(l-^4)eV 

isomeric  molecules  and 
radicals 

metallic 

clusters 

Na,.  Al,. 

Cu,.  W, 

«  metallic  • 
bond  low  KE 
of  electrons 

moderate  to 
strong  binding 
Z)~(0.6H-3)eV 

wide  occurrence  to  the 
left  of  B,  Si,  Ge,  Sb. 
Po  in  rows  2-^6  of 
periodic  table 

The  cubic  structure  constitutes  the  stable  equilibrium  configuration  of  the 
(NaCl)4  cluster  at  0  K.  At  finite  temperatures  the  vibrational  entropy  contribu¬ 
tion,  8,  to  the  free  energy,  0,  has  to  be  incorporated,  i.e. 

0  =  E~T8, 

.E  —  ^  ho)ij2  , 

< 

8  ~  ]cT  In  [1  —  exp  [—  h(o,lkT]']  , 

where  E  is  the  potential  energy  jp,  corrected  for  zero-point  energy,  and  ^to, 
are  the  characteristic  frequencies.  The  entropy  contribution  favours  the  ring 
structure  for  (NaCl)«  at  high  temperatures.  At  400  K  the  relative  concentra¬ 
tion  is  50%,  the  ring  structure  becoming  dominant  at  temperatures  exceeding 
900  K.  At  a  finite  temjierature  (NaCl),  clusters  will  exhibit  a  small  number  of 
dominant  structures  underlying  dynamic  isomerization  between  these  config¬ 
urations.  This  simple  example  demonstrates  the  crucial  role  of  nuclear  excita¬ 
tions  and  the  vibrational  entropy  in  determining  the  stability  and  equilibrium 
configurations  of  clusters  at  finite  temperatures. 


(1.1) 
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Fig.  2.  -  Free-energy  difference  between  the  cubic  and  the  ring-shaped  cluster  of 
(NaCl)4  (top).  The  temperature  dependence  of  the  relative  concentration  of  the  ring- 
shaped  structure  (bottom).  Data  from  ref.  [9, 10]. 

V 

The  characteristic  examples  alhided  to  in'  this  section  pertain  to  rare-gas 
and  alkali  halide  clusters.  In  what  follows,  we  shall  limit  ourselves  to  the 
diverse  area  of  nonmetallic  systems  notwithstanding  the  rich  and  interesting 
area  of  metallic  clusters. 


2.  -  Qaaaification  of  eliutero. 

It  is  useful  to  provide  a  classification  of  clusters  according  to  size.  The 
smallest  constituent  is  the  dimer  (n  =  2),  which  should  rather  be  considered 
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separately  as  a  «  molecular  »  entity.  The  dimer  acts  as  an  essential  and  basic 
ingredient  in  nucleation.  Then,  in  order  of  increasing  ske,  ve  have  for  non- 
metallic  systems: 

2’1.  Miorocluttm  (n  —  2-MO  or  13).  -  These  involve  VdW  molecules  for 
weak  interactions  and  ionic  and  covalent  molecular  stmctures  for  strong 
interactions.  The  molecular  structure  is  usually  well  characterked,  although 
for  larger  microclusters  several  nearly  isoenergetic  isomers  may  exist.  A  well- 
known  example  involves  the  microclust^s  of  rare  gases  [11-13]  (fig.  3),  which 


--n-o-o 

12  3  4. 

It 


6  5 
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Fig.  3.  -  Struotures  of  rare-gas  (ref.  [11-13^)  and  of  ionic  microclnsters  (ref.  [9]). 

are  characterized  by  the  most  compact  noncrystalline  ordered  structures, 
e.g.,  equilateral  triangle  (n  =  3),  regular  tetrahedron  (n  =  4),  triangular  bi¬ 
pyramid  (n  =  6)  and  a  pentagonal  pyramid  (n  =  7).  For  n  =  13  the  cele¬ 
brated  icosahedron  structure  with  *he  multiple  pentagonal  symmetry  is  more 
stable  than  hexagonal  closed-packed  and  face-centred  cubic  structures,  con¬ 
stituting  a  building  block  for  larger  n  =  33,  n  =  65  and  n  =  147  stmctures, 
and  which  may  involve  a  basic  stmctural  unit  for  amorphous  materials. 
Molecular-dynamics  calculations  [13-17]  indicate  the  existence  of  amorphous, 
liquid-type,  rare-gas  structures  at  higher  temperatures.  For  ionic  micro- 
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chuters  [9],  the  noncrystalline  structures  are  stable  for  low  n  (flg.  3)  and  nearly 
isoenergetic  isomers  are  abundant.  The  cubic,  solid-state  structure  begins 
to  exhibit  energetic  stability  for  relatively  small  neutral  alkali  halide  structures 
with  n>8.  Begarding  elementary  excitations  in  microclusters,  we  note  that 
the  molecular  vibrations  are  discrete,  being  characterized  by  large-amplitude 
nuclear  motion.  The  electronic  states  below  ionization  are  discrete.  These 
characteristics  of  the  elementary  excitations  correspond,  of  course,  to  molec¬ 
ular  systems. 

2‘2.  Small  dusters  (n~10-j-10*).  -  The  usefulness  of  molecular  concepts 
breaks  down  as  the  molecular  struct\ires  are  characterized  by  a  large  niunber 
of  isomers.  Furthermore,  amorphous  structures  also  become  common.  The 
vibrational  motion  of  such  small  clusters  is  complex. 

2‘3.  Large  clusters  (n  >  10*).  -  A  gradual  evolution  of  a  solid-state  struc¬ 
ture  is  exhibited  at  n>10*.  A  quasi-continuum  density  of  states  for  electronic 
states  (t.«.  « valence  band  »  and  ♦  conduction  band  »)  and  for  phonons  appears 
with  increasing  n.  Furthermore,  macroscopic  surface  and  volume  emerge  with 
increasing  cluster  size. 


3.  -  Large  cluatera. 

Let  un  now  consider  some  unique  characteristics  of  large  clusters,  which 
differ  from  the  properties  of  bulk  material. 

A)  Large  surface /volume  ratio.  The  fraction  of  the  number  of  surface 
atoms  n,  is  njn  —  4/n*,  being  njn  ~  0.4  for  n  =  10*,  njn  ~  0.2  for  n  =  10* 
and  njn  ~  0.04  for  n  =  10*.  The  structural,  energetic  and  dynamic  properties 
of  the  « microsurfaces  »  of  clusters  are  of  considerable  interest. 

B)  Quantum  size  effects  [7, 17],  The  dependence  of  the  specific  proi)er- 
ties,  e.g.,  electric  and  magnetic  susceptibili^es,  of  clusters  on  their  geometrical 
dimensions  originate  from  two  interrelated  causes.  Firstly,  the  effective  wave¬ 
length  of  excitations  is  comparable  with  the  cluster  size,  resulting  in  boundary 
scattering  effects.  In  this  context,  the  effect  of  finite  cluster  size  on  large- 
radius  Wannier  exciton  states  [18]  and  large  polarons  [19]  in  solid  rare  gases 
and  alkali  halide  clusters  will  be  of  considerable  interest.  Secondly,  the  sample 
size  d  is  small,  so  that  the  energy  gap,  J,  for  excitations  is  comparable  to  the 
thermal  energy  ik,r,  to  the  magnetic  interaction  fiJff,  or  to  the  spectral 
resolution.  For  example,  for  the  case  of  phonons. 


(3.1) 


J  ~  kt>/d , 
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where  t)~10*cms-*  is  the  velocity  of  sound.  Thus  quantum  size  effects 
will  be  severe  when  A~k^T  or  d~  100  A/2’(K),  so  that  at  T  =  10  K  we 
estimate  d~10A  and  n~100.  On  the  other  hand,  for  electronic  states  in 
the  tight-binding  scheme,  one  has 

(3.2)  A~zJln, 

where  J  is  the  transfer  integral,  while  «  is  a  numerical  constant  which  takes 
the  value  z  =  n  for  1  dimension  and,  in  general,  we  can  set  z  to  be  approxi¬ 
mately  equal  to  the  average  number  of  nearest  neighbours.  Taking  <7=  1  eV 
and  «  =  6,  the  electronic  gap  is  comparable  to  the  thermal  energy  when 
n~6‘10*/T(K),  so  that  n~6000  at  T  =  10  K.  The  different  values  of  n 
emerging  from  the  estimates  of  A  for  phonons  and  for  electronic  excitations 
clearly  demonstrate  that  quantum  size  effects  are  not  imiversal  and  depend 
on  the  specific  physical  property. 

0)  Thermodynamic  size  effects  [7, 20, 21].  An  important  class  of  size 
effects  involves  the  dependence  of  some  intensive  thermodjTiamic  properties, 
e.g.,  surfaee  tension,  vapour  pressure  and  the  characteristics  of  phase  transi¬ 
tions,  on  the  sample  size  and  shape. 

An  intriguing  phenomenon  within  the  category  of  thermodynamic  size 
effects  involves  the  melting  of  small  clusters.  It  was  predicted  in  1909  that  the 
melting  temperature  of  droplets  will  decrease  with  decreasing  size  [22].  This 
prediction  has  been  borne  out  by  an  experimental  observation  [23]  of  a  dramatic 
dependence  of  T,  on  the  size  of  gold  clusters  supported  on  a  substrate  (fig.  4). 
Of  some  interest  are  the  results  of  numerical  simulations  on  Ar,  clusters  (fig.  5), 
whioh  mimic  the  melting  for  very  small  microclusters  as  low  as  n  =  7.  We 
note  that  seems  to  increase  monotonically  in  the  range  n  =  7-rl3,  with 
the  n  =  13  icosahedron  structure  exhibiting  extra  stability  for  melting.  Three 
distinct,  though  related,  approaches  can  be  adopted  for  the  description  of  the 
drastic  lowering  of  when  decreasing  the  cluster  size. 

o)  Thermodynamics  of  finite  systems.  A  simple  thermodynamic  argu¬ 
ment  [21, 22]  rests  ^  .the  contribution  of  the  surface  tension,  <r,  to  the  chemical 
potential  of  droplets.  As  a  decreases  by  melting,  the  melting  temperature 
will  be  size  dependent.  Two  inherent  difficulties  arise  in  connection  with  the 
simple  thermodynamic  picture.  Firstly,  fluctuations  are  severe  in  a  finite 
system,  precluding  the  exact  definitions  of  r_.  Secondly,  in  a  finite  system 
« phase  transitions »  are  exjiected  to  be  gradual  rather  than  sharp. 

h)  Description  of  melting  in  terms  of  large  nuclear  displacements. 
Lindeman’s  hypothesis  of  melting  [24,  26]  rests  on  the  notion  of  the  onset 
of  large  vibrational  displacements.  Accordingly,  the  low  melting  temperature 
of  small  clusters  implies  the  occurrence  of  large-amplitude  nuclear  motion. 
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Fig.  6.  -  Melting  temperatures  of  Ar.  (n  =  7-^133)  microclustere  and  small  clusters 


from  moleoular-djnamics  computer  simulations  (ref.  [14-lS]). 
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o)  Dynamic  description  of  melting.  Melting  of  clusters  has  been  described 
by  Besbt  et  ai.  [26]  in  terms  of  fast  isomerization  between  several  nuclear 
configurations.  This  model  bears  a  close  analogy  to  the  Stillinger- Weber  [27] 
description  of  a  liquid  in  terms  of  a  system  passing  from  a  region  around  one 
potential  minimum  to  another. 

From  the  descriptions  of  6)  and  e)  of  the  melting  of  clusters  at  low  tempera¬ 
ture,  several  interesting  qualitative  conclusions  emerge. 

i)  In  view  of  their  low  melting  temperature,  large-amplitude  nuclear 
motion  is  expected  to  be  exhibited  in  microclusters  at  low  temperatures. 

ii)  Structmal  and  time-resolved  studies  of  isomerization  may  provide 
direct  information  on  phase  transitions  in  clusters. 

iii)  Time-resolved  studies  of  isomerization  will  open  up  a  new  research 
area  of  the  dynamics  of  phase  transitions  in  finite  systems. 


4.  -  Heteroclnztera. 

Up  to  this  point  we  have  alluded  to  some  features  of  chemically  neat  clusters. 
The  exploration  of  the  properties  of  doped  clusters  is  of  considerable  interest, 
as  an  added  guest  molecule  may  act  as  a  microscopic  probe  for  the  molecular 
structure,  the  nuclear  motion  and  the  electronic  excitation  of  the  cluster. 
Studies  of  doped  clusters  provided  insight  into  three  classes  of  phenomena. 

1)  The  configurational  changes  induced  by  doping. 

2)  The  cluster-guest  molecule  interactions  modify  the  energetics  of 
vibrational  and  electronic  excitations  and  the  intramolecular  dynamics  (i.e. 
intramolecular  vibrational-energy  redistribution  and  interstate  electronic 
relaxation)  of  the  guest  molecule. 

3)  Clustering  aroimd  a  guest  molecule  opens  up  new  decay  channels 
for  the  disposal  of  ^brational  and  electronic  energy  of  the  guest,  e.g.,  vibra¬ 
tional  predissociation '  in  microclusters  and  vibrational  relaxation  in  large 
clusters  [28, 29].  Some  classes  of  interesting  heteroclusters  are  a  .sembled  in 
table  III.  Heteroclusters  can  be  classified  according  to  their  charge  into 
neutral,  positively  charged  and  negatively  charged  aggregates.  The  neutral 
heteroclusters  involve  doped  VdW  clusters  [28-31]  held  together  by  dispersive 
and  weak  electrostatic  interactions,  as  well  as  doped  molecular  [32]  and 
hydrogen- bonded  clusters  [33],  which  involve  an  organic  or  inorganic  molecule 
solvated  by  nonpolar  (e.g.,  CC1«)  or  by  polar  {e.g.,  H,0)  ligands.  These  inter¬ 
actions  are  reminiscent  of  those  prevailing  in  nonionic  solutions.  Positive 
heteroclusters  span  a  broad  spectrum  of  systems.  The  weakest  electrostatic 
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Table  III.  -  Some  heretocltiiUrs. 


Type 

Examples 

Cause  of  binding 

References 

doped 

(I,)E.  (»=  l-f6) 

dispersive  and  weak 

[28-31] 

Van  del  Waals 
clusters 

(SP.)-K,  (»=  1-60) 
tetracene-iS,  (n  =  1-^200) 

electrostatic 

doped  molecular 

(HNO,).  (H,0), 

electrostatic  and 

[33] 

and  H-bonded 

(®  =  l-6,  y  =  2-^20) 

H -bonding 

clusters 

tetracene  •  (CCl,), 

(n=  1-3) 

dispersive  and  weak 
electrostatic 

[32] 

doped  positive 

Van  der  Waals 
clusters 

(C.P;)Ar, 

dispersive  plus 
polarization 

[34] 

positive  ions  in 

(He,)+  (»~68*He;  85»He) 

dispersive  and 

[35] 

Van  der  Waals 

(Ar,)* 

polarization 

clusters 

bole  trapping 

[36] 

ionic  complexes 

H+(H.O), 

Na+(H.O). 

Nae(SO.), 

charge  dipole 

[33,  37] 

simple  ionic 

(HJ+  (n  =  3-15) 

valence  and 

[38] 

clusters 

(n  =  500-^1000) 

polarization 

[39] 

negative-ion 

<co,); 

solvation  of  negative 

[40] 

clusters 

molecular  ion 

[41] 

solvated-electron 

clusters 

(H,0);  (NH,); 

electron  localization 
in  an  extended  state 

[42-44] 

interactions  prevail  in  positive  VdW  heteroclusters  [34],  involving  a  positive 
large  ion  in  a  rare-gas  cluster,  which  is  held  together  by  charge-induced  dipole 
and  dispersive  interactions.  Similar  interactions  prevail  in  He*  clusters  [35], 
where  the  charge-induced  dipole  interaction  results  in  electrostriction.  Ionic 
complexes  [33, 37],  e.g.,  H*(H,0),  and  Na*(SO,),,  are  bound  by  stronger 
<'lectrostatic  charge-dipole  interactions,  as  those  prevailing  in  ionic  solutions. 
Chemical  bonding  is  exhibited  in  positive-ion  rare-gas  clu.sters  of  R^,  where 
the  positive  molecular  diatomic  ion  -is  formed  within  the  cluster  [45,  46]. 
Another  extreme  case  of  valence  interaction  in  clusters  involves  ionic  clusters, 
e.g.,  the  H*  aggregates  [38,  39],  which  presumably  consist  of  an  H*  ion  bound 
to  an  ensemble  of  H,  molecules.  Negative  clusters  fall  into  two  broad  categories, 
i)  The  negative-ion  clusters  involve  localization  of  the  excess  electron  within 
a  single  molecule  [4C,  41],  resulting  in  the  formation  of  a  « conventional  * 
negative  ion,  and  ii)  the  excess  electron  cluster  which  involves  electron  localiza¬ 
tion  within  the  clustt^r  [42-44].  We  shall  now  proceed  to  discuss  some  features 
of  charged  clusters,  focusing  attention  on  the  formation  mechanism  of  posi¬ 
tively  charged  clusters  and  on  the  nature  of  extended  excess  electron  states 
in  negatively  charged  clusters. 
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5.  -  Ionization  of  cloBtera. 

Selective  ionization  processes  via  one-photon  or  multiphoton  ionization 
of  VdW  and  molecular  clusters  provide  direct  information  on  the  energetics 
of  the  formation  of  positively  charged  clusters.  The  energetics  of  ionization 
can  be  utilized  to  elucidate  the  nature  of  intramolecular  and  intermolecular 
nuclear  configurational  changes  accompanying  the  formation  of  positively 
charged  microclusters.  In  this  context,  the  following  mechanisms  are  relevant. 

5’1.  Small-polaron  effecU.  -  Ionization  of  a  molecule  in  a  cluster  may  be  ac¬ 
companied  by  a  change  in  the  intramolecular  nuclear  equilibrium  configura¬ 
tion  [47].  When  such  a  molecule  is  ionized  within  the  cluster  (fig.  6),  the  transfer 

OVWIA/Q 

a) 


O  O  0  0  o  o 

♦ 
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b) 

Fig.  6.  -  Ionization  mechanisms:  a)  smail-polaron  effects,  b)  bole  trapping. 

integral  <7,  which  is  responsible  for  the  intermolecular  hole  transfer,  corresponds 
to  an  electronic  contribution,  J,,  reduced  by  the  nuclear  Franck-Condon  factor 
F,  so  that  J  =  J^F.  An  immediate  energetic  implication  of  these  «  dressed  » 
intermolecular  interactions,  J,  involves  the  lowering  of  the  ionization  potential 
l{n)  of  the  n-th  clu^ter.relative  to  the  monomer  ionization  potential  7(1).  Por 
a  one-dimensional  system  a  simple  molecular-orbital  calculation  results  in 
the  relation  [48] 

(6.1)  I(n)  =  7(1)  -  2|J|  cos  . 

Invoking  the  approximate  relation  [49]  cos  {nl[n  +  1))  =  1  —  1/n  for  n  = 
=  2^10  results  in 

(6.2)  J(„)  =  [J(1)_2|7|]+?^. 

n 

39  -  RerUliconii  SJ.jr,  -  XOVI 
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For  a  multidimensional  system,  we  can  replace  the  numerical  factor  of  2  in 
cq.  (6.2)  by  the  number  of  nearest  neighbours,  z,  so  that  eq.  (6.2)  is  generalized 
to  read 

(5.3)  7{«)  =  [I(l)-z|J|] 

Belation  (6.3)  results  in  the  general  linear  dependence  of  J(n)  vs.  n“*  (fig.  7) 
proposed  by  Tbott  et  al.  [49].  This  relation  is  well  obeyed  for  ((CH,),CO), 
(n  =  1—4)  [49],  (NO),  (n  =  1^5)  [60]  and  (CS,),  («  =  1-^4)  [61]  microclusters. 
Prom  the  linear  plots  of  fig.  7,  we  deduce  the  reasonable  value  z\J\ 
for  the  hole  transfer  integral  in  these  microclusters. 


Fig.  7.  ~  Small-polaroD  effects  on  the  ionization  potentials  of  naicrocluBters  of  polyatomic 
molecules,  exhibiting  the  linear  Z(n)  vs.  n-*  dependenoe.  Data  for  (acetone),  (ref.  [49]), 
(NO),  (ref.  [50])  and  (CS,).  (ref.  [61]). 


5’2.  Sole  trapping.  -  The  formation  of  the  positive  ion  may  result  in  large 
intermoleeular  nuc’ear  configurational  changes  leading  to  the  formation  of  a 
new  chemical  bond  (fig.  6).  Such  a  state  of  affairs  prevails  in  solid  rare  gases 
[45]  (table  IV),  where  the  vertical  formation  of  a  ion  is  followed  by 
the  production  of  a  .stable  diatomic  ionic  moU'cule,  whose  binding  energy 
is  high  (fig.  8).  Accordingly,  the  adiabatic  ionization  potential  of  the  VdW 
molecule  Rs,  whose  binding  energy  is  —  0,001  eV,  is  lowered  by  ~  relative 
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to  the  ionization  potential  of  Ar.  These  local  binding  effects  are  reflected  in 
the  reduction  of  the  ionization  potentials  of  Ax  (n=  2, 3)  VdW  molecules  [36] 
(fig.  9).  For  the  larger  Ar,(n=  4-;-6)  clusters  [36],  additional  small  polariza¬ 
tion  effects  contribute  to  the  cluster  stabilization  energy. 


Table  IV.  -  Bond  lengths  and  dissoeiationenergiet  for  the  ground  tiate  of  the  molecule  (0) 
and  for  the  ionie  molecule  (  +  )  (data  from  ref.  [46]). 


r,  (A)  _ D.  (eV) _ r+fA) _ (eV) 


Ar 

3.76 

0.0012 

2.43 

0.09 

Ki 

4.01 

0.0017 

2.70 

1.16 

Xe 

4.36 

0.0024 

3.04 

0.09 
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5*3.  Destabilization  of  ionized  ionic  clusters.  -  Be.moval  of  an  electron  from 
an  ionic  cluster  [9]  results  in  a  substantial  decrease  in  the  electrostatic  Madelung 
energy.  The  ionization  potential  accompanied  by  the  removal  of  the  charge  Zi 
from  the  anion  located  at  r,  is  [9] 

where  EA  is  the  electron  afBnity  of  the  anion.  Accordingly,  the  vertical  ioniza¬ 
tion  potential  of  ionic  clusters,  which  is  substantially  larger  than  the  electron 
afiOnity,  increases  with  increasing  n  (fig.  10).  MAetin  [9]  has  provided  numerical 


Fig.  10.  -  Vertical  ionization  potentials  for  (NaCl),  microclustera.  (Theoretical  data 
from  ref.  [9].) 


calculations  of  vertical  ionization  energies.  Furthermore,  as  pointed  out  by 
Mabtin  [9],  vertical  ionization  of  ionic  clusters  results  in  large  configurational 
changes  with  the  cluster  relaxing  to  a  new  equilibriiun  configuration. 


5’4.  Polarization  interactions  in  ionic  Van'  der  WaaU  (VdW)  systems.  - 
The  formation  of  a  doped  ionic  VdW  microcluster  is  accompanied  by  minor 
intramolecular  and  intermolecular  configurational  changes.  The  extra  sta¬ 
bilization  energy  of  such  an  ionic  microcluster,  relative  to  the  corresponding 
neutral  microcluster,  originates  from  charge-induced-dipole  polarization  inter¬ 
action.  These  weak  interactions  are  reflected  in  the  reduction  of  the  ioniza¬ 
tion  potential  of  the  benzene- Ar  complex  by  AZ  =  —  2.5-10-*  eV  relative 
to  that  of  the  bare  molecule  [62],  which  is  in  accord  with  the  result  AZ  = 
=  — 6-10-*eV  of  simple  model  calculations  [63]  of  these  polarization  inter¬ 
actions. 
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6.  -  Electron  localisation  in  clusters. 

Electron  attachment  to  clusters  falls  into  tiro  categories: 

i)  Honreactive  electron  attachment,  resulting  in  the  formation  of  a 
negative  cluster  which  is  not  accompanied  by  the  breaking  of  either  inter- 
molecular  or  intramolecular  bonds. 

ii)  Reactive  electron  attachment,  which  is  accompanied  by  the  breaking 
of  intermolecular  or  intramolecular  bonds. 

Regarding  the  nonireaotive  electron  attachment  to  clusters,  the  following 
issues  are  of  interest: 

1)  The  parentage  problem.  In  many  interesting  cases  the  excess  elec¬ 
tron  is  attached  to  a  cluster  whose  individual  atomic  or  molecular  constituents 
do  not  form  a  stable  negative  ion. 

2)  Localized  and  extended  states  of  the  excess  electron.  The  spatial 
extent  of  the  electron  charge  distribution,  t.«.  the  localization  length,  relative 
to  the  cluster  size,  provides  a  distinction  between  localized  and  extended 
states  in  a  finite  system. 

3)  Bulk  and  surface  states  of  the  excess  electron.  The  relative  energetic 
stability  of  these  two  distinct  types  of  states  in  different  clusters  is  intriguing. 

4)  Cluster  reorganization.  The  energetically  stable  state  of  the  electron 
attached  to  the  cluster  may  involve  a  nuclear  configuration  which  drastically 
differs  from  the  equilibrium  structure  of  the  neutral  cluster.  In  this  case  elec¬ 
tron  attachment  is  accompanied  by  a  large  cluster  reorganization  energy. 

5)  Cluster  isomerization.  Electron  attachment  to  a  cluster  may  result 
in  a  configurational  change  resulting  in  a  close-energy  isomer. 

6)  Cluster  melting  induced  by  electron  attachment.  This  phenomenon 

constitutes  an  extreme  case  of  isomerization. 

V 

With  regard  to  reactive  electron  attachment,  the  following  problems  are 
pertinent: 

7)  The  formation  of  negative  ions  accompanying  dissociative  electron 
attachment. 

8)  Cluster  dissociation  and  fission,  resulting  in  the  breakage  of  inter¬ 
molecular  and/or  intramolecular  bonds. 

From  the  point  of  view  of  general  methodology,  the  following  issues  per¬ 
taining  to  electron  localization  in  clusters  are  of  considerable  interest: 
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9)  Quaiitum  phenomena  are  expected  to  be  pronounced  in  systems 
where  the  electron  wavelength  is  comparable  to  the  cluster  size. 

10)  The  excess  electron  can  serve  as  a  probe  for  the  nuclear  motion 
of  the  cluster. 

11)  The  dynamics  of  nonreaotive  and  reactive  electron  attachment 
will  result  in  novel  information  regarding  the  time  evolution  of  electron  local¬ 
ization. 

Excess  electron  states  in  clusters,  which  are  classified  in  table  V,  correspond 
to  the  following  situations. 


Table  V.  -  Electron  attachment  to  eluetere. 


Type  of  cluster 

Nature  of  excess 
electron  state 

Canonical 

example 

Cause  of  electron 
binding 

rare  gas 
(He). 

surface  state 
localized 

(He); 

repulsive  -|-  weak 
polarization 

heavy  rare  gas 

bulk  state 
extended  (t) 

(Xe); 

dominated  by  attractive 
interactions 

Van  der  Waals 

stable  negative 
molecular  ion 

(sp.); 

large  electron  afBnity  of 
a  single  molecule 

Van  der  Waals 

solvated  negative 
ion 

(CO.); 

positive  electron  affinity 
of  a  single  molecule 
stabilization  of  a  nega¬ 
tive  ion  by  solvation 

H -bonded 

solvated  electron 
cluster 

(H.O);  (n>6) 
(NH,); 

electron -polar  molecule 
attraction  in  conjunction 
with  large  cluster  reor¬ 
ganization 

ionic 

electron  localization 
in  anion  vacancies 
on  a  surface 

Na,cir-^‘ 

electrostatic  interactions 

6'1.  Electron  attachment  to  rare-gag  olveferg.  -  It  is  well  known  that  the 
electron-helium  atom  potential  is  strongly  repulsive  [64].  Indeed,  this  short- 
range  repulsive  pseudopotential  is  responsible  for  the  electron  bubble  forma¬ 
tion,  both  in  liquid  [66]  and  in  solid  [66]  helium.  In  such  an  infinite  system 
the  (positive)  energy  of  the  localized  excess  electron  state,  which  consists 
of  electron  kinetic  energy  together  with  the  bubble  surface  enei^,  is  lower 
than  the  energy  of  the  quasi-free  electron  state.  On  the  other  hand,  the  repulsive 
interaction  between  an  electron  and  a  finite  He  cluster  is  not  expected  to  result 
in  an  energetically  stable  state  of  the  electron  in  the  bulk  of  this  cluster.  Another 
possible  mode  of  weak  binding  of  the  excess  electron  to  a  He  cluster  may 
involve  a  surface  state.  We  assert  that  a  surface  state  of  an  electron  on  a 
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(He),  cluster  is  expected  to  be  energetically  stable  in  .  view  of  the  interplay 
between  the  (weak)  long-range  attractive  polarization  and  the  (strong)  short- 
range  electron-helinm  potential.  For  the  heavy  rare  gases,  t.e.  Ar,  Er  and  Xe, 
the  long-range  attractive  polarization  potential  dominates  the  short-range 
repTilsive  interaction  [57].  In  clusters  of  the  heavy  rare  gases,  the  bulk  state 
of  the  excess  electron,  which  is  extended  throughont  the  cluster,  may  be  ener¬ 
getically  stable.  Nothing  is  currently  known  concerning  surface  and  bulk 
states  of  an  excess  electron  in  rare-gas  clusters. 

6'2.  A  stable  molecular  negative  ion.  -  A  single  molecule  within  the  cluster, 
is  characterized  by  a  positive  electron  affinity.  The  excess  electron  is  bound 
to  a  single  molecule  within  the  cluster,  constituting  a  stable  « solvated  »  anion. 
A  good  candidate  for  this  class  of  negative  clusters  will  involve  (SF,)~. 
However,  the  large  electron  affinity  of  molecular  SF,  (EA  2;  5  eV  [58])  will 
lead  to  appreciable  vibrational  excitation  of  the  (SP,)“,  following  electron 
attachment,  which  may  result  in  cluster  dissociation. 

6'3.  Stabilization  of  a  negative  ion  by  solvation  (e.g.,  (CO,)~  (n  —  2-^6)).  -  The 
adiabatic  electron  affinity  of  a  single  CO,  molecule,  EA  =  (—  0.6±0.2)  eV  [59], 
is  negative.  The  most  stable  nuclear  configuration  of  CO7  involves  a  bent 
structme  [60],  which  is  unstable  with  respect  to  CO,  -f  e.  According  to  theo¬ 
retical  calculations  [60]  the  electron  affinity  of  the  (CO,),  dimer,  consisting 
of  a  bent  CO7  «  solvated »  by  a  linear  CO,,  is  positive.  This  expectation  is 
borne  out  by  the  experimental  observation  of  the  stable  negative  (CO,)7 
dimer  [40,  41].  This  mechanism  of  electron  localization  within  a  single  molecule 
in  a  cluster  involves  a  large  intramolecular  configurational  change  in  conjunc¬ 
tion  with  stabilization  of  the  molecular  negative  ion. 

6’4.  A  solvated  electron  in  a  cluster  of  polar  molecules  (e.g.,  (H,0)7,  (NH,)^).  - 
The  solvated  electron  [61-63]  constitutes  a  bound  excess  electron  state  in  a  polar 
fluid,  where  a  single  molecule  is  characterized  by  a  negative  electron  affinity. 
Extensive  theoretical  work  has  established  the  seminal  role  of  long-range 
interactions  beyond -^e  first  co-ordination  layer  in  determining  the  energetic 
stability,  the  electron"  'Structure  and  spectra  of  the  solvated  electron  in 
fluids  [61-63].  The  solvated  electron  in  a  cluster  involves  a  spatially  extended, 
large-radius  excess  electron  state,  where  electron  localization  is  «  co-operative  », 
being  accompamed  by  large  intermolecular  configurational  changes.  There 
have  been  several  experimental  efforts  [42-44, 64]  to  observe  electron  attach¬ 
ment  to  (H,0),  clusters  in  supersonic  beams.  Beccntly,  Habeslaio)  et  al.  [42-44] 
have  reported  the  observation  of  (H,0)7  and  (n>ll)  solvated  electrbn 

in  water  clusters  and  (NH,)7  (n>32)  for  electron  solvation  in  ammonia  clusters'. 

Recent  theoretical  efforts  were  directed  towards  the  elucidation  of  the 
energetic  stability  of  the  localized  electron  state  in  (H,0),  (n  =  4^8)  clusters. 
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E£8tn£B  et  al.  [65,  66]  have  evaluated  the  energetic  stability  of  (H,0)7  clus¬ 
ters  by  combining  the  results  of  self-oonsistent-fleld-configuration-interaction 
quantum-mechanical  calculations  of  the  binding  energy  of  an  electron  in  an 
optional  nuclear  oonfigoration  of  (H,0),  clusters  together  with  the  energy 
required  to  form  various  water  clusters.  The  binding  energy  of  the  excess 
electron  was  calculated  by  Bao  and  E£8TNEB[65]  using  a  SCF  programme 
and  the  4-31  G  Gaussian  basis  set  of  Newton  [63].  The  nuclear  configura¬ 
tion  of  the  cluster  was  optimised  to  minimize  the  binding  energy  of  the  excess 
electron.  The  binding  energies  of  various  water  clusters  were  obtained  using 
the  polarization  model  of  Stillinger  et  al.  [67].  The  total  energetic  change 
accompanying  the  process 

(6.1)  nHiO  -1-  e  -*■  (H,0)~ , 


which  corresponds  to  the  net  stability  of  the  negative  cluster  relative  to  a  free 
electron  and  separated  water  molecules  [66,  66],  is  presented  in  fig.  11.  Prom 
these  restdts  it  is  apparent  that: 


I  ® 
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X  . 1  -  _  _  -  - 

4  6  8  10  n  12 

Fig.  11.  -  Energy  change  accompanying  reactiqn  (6.1).  The  clusters  are  labelled  in 
terms  of  the  first  co-or^ation  layer  plus  the  second  layer  (ref.  [65,[66]). 


a)  The  clusters  (H,0),  containing  four  and  six  water  molecxxles  in  the 
first  co-ordination  layer,  respectively,  are  unstable  with  respect  to  reaction  (6.1). 

b)  (HtO),  clusters  with  ti>6,  which  contain  at  least  one  water  molecule 
in  the  second  co-ordination  layer,  are  stable  with  respect  to  the  separate  mole¬ 
cules  and  the  free  electron. 

o)  Interactions  beyond  the  first  co-ordination  layer  are  essential  for 
the  localization  of  an  excess  electron  in  a  cluster.  These  interactions  are 
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analogoos  to  the  « long-range »  electron- medium  interaction  in  the  dense 
fluid. 

The  optimal  nuclear  conflgurations  of  the  (H,0)“  negative  clusters  are 
drastically  different  from  the  equilibrium  nuclear  configurations  of  the  neutral 
(H,0)j,*’’  clusters.  The  orientational  effects  induced  by  the  presence  of  the 
excess  electron  are  severe  and  result  in  considerable  weakening  of  the  hydrogen 
bonding.  To  demonstrate  the  consequences  of  the  structural  distortion  of 
the  normal  neutral  water  cluster,  Kestneb  and  Jobtnee  [66]  have  calculated 
the  cluster  reorganization  energy,  i.e.  the  energy  required  to  transform  the 
equilibrium  water  cluster  into  the  optimal  structure,  which  accommodates 
the  excess  electron.  The  energetic  changes  for  the  process 

(6.2)  (H.0)i«'-fe->(H,0); 

are  summarized  in  fig.  12.  From  these  results  it  is  apparent  that; 


Fig.  12.  -  Energy  change  accompanying  reaction  (6.2)  and  cluster  reorganization 
energies;  o  (HjOli,***-!- e-+- {H,0)~,  •  (H,0 )'„•**-»■  (H,0),.  Notation  same  as  in  fig.  11 
(ref.  [66,  66]). 

d)  The  cluster  reorganization  energy  is  sizaule,  i.e.  (1.5-^3.6)eV  for 
«  =  4-;-8,  exceeding  the  quantum  binding  energy  of  the  excess  electron  to 
the  cluster. 
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e)  All  the  (H,0)7  clusters  studied  by  Kebtnbb  et  al.  [6S,  66]  are  unstable 
with  respect  to  reaction  (6.2).  One  can  assert  that  the  equilibrium  (H,0)I,**’ 
(n  =  4-^8)  clusters  have  a  negative  electron  aflBnity. 

f)  An  excess  electron  will  not  bind  to  a  pre-existing,  stable,  equilibrium 
water  cluster  at  0  K. 

g)  Metastable  (H(0)a(n>6)  neutral  water  clusters  are  required  for  the 
initial  localization  of  an  excess  electron  at  low  temperatures.  Such  negative 
small  clusters  once  formed  can  subsequently  attach  additional  water  mole¬ 
cules. 

What  is  the  formation  mechanism  of  {H,0)~(n>ll)  clusters  in  super¬ 
sonic  beams,  which  were  observed  by  Habbsland  et  al.t  Two  mechanisms 
come  to  mind.  The  first  mechanism  involves  electron  attachment  to  small 
(n>6)  metastable  water  clusters  followed  by  nucleation  of  additional  water 
molecules  on  the  initially  formed  negative  cluster.  The  second  possible  mecha¬ 
nism  rests  on  the  notion  that  the  water  clusters  formed  in  supersonic  jets  may 
be  quite  hot  [68].  At  high  temperatures  the  cluster  may  undergo  isomeriza¬ 
tion  between  several  equilibrium  nuclear  configurations.  The  calculations 
of  Kestner  et  al.  [65, 66]  provide  information  on  the  energies  of  the  two 
minima  of  the  potential  hypersurface  of  the  system,  which  correspond  to 
(HjO)!,**’  -r  e  and  to  (H,0)~,  respectively.  It  is  plausible  to  assume  that  these 
two  minima  are  separeted  by  a  barrier.  An  artist’s  view  of  the  potential  hyper- 
surface  of  the  system  is  portrayed  in  fig.  13.  Isomerization  occurring  at  finite 


Fig.  13.  -  A  schematic  representation  of  the  potential  hypersurface  for  nH,0-i-e. 
Only  the  energies  of  the  two  minima  were  calculated.  The  height  of  the  barrier  is  un¬ 
known. 
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tc-mperatiireB  will  result  in  the  iwpulation  of  the  energetically  unfavourable 
(H,0)~  structure.  This  isomeriaation  process  at  finite  temperatures  bears  a 
close  analogy  to  the  dynamic  description  of  the  melting  process  of  micro- 
clusters.  The  mechanism  of  attachment  of  an  excess  electron  to  a  hot  water 
microcluster  may  be  promoted  by  structural  modification  due  to  the  melting 
of  the  cluster. 

6‘5.  Electron  localization  in  alkali  halide  clusters.  -  The  structure,  energetics 
and  d3mamic8  of  electron  alkali  halide  clusters  is  of  considerable  interest  with 
regard  to  the  mechanisms  and  the  localization  modes  of  electron  attachment. 
Eecently,  the  theory  of  the  compositional,  structural  and  size  dependence 
of  various  electron  localization  modes  has  been  explored,  providing  novel 
information  on  bulk  and  surface  states,  nonreactive  and  reactive  electron 
localization,  configurational  modifications  and  isomerization  induced  by  elec¬ 
tron  localization  in  an  alkali  halide  cluster  (AHC)  [69].  Apart  from  the  intrinsic 
interest  in  these  systems,  the  AHC  was  chosen  because  of  three  technical 
reasons.  Firstly,  the  nature  of  interionic  interactions  in  these  clusters  is  well 
understood.  Secondly,  th<>re  exists  an  abundance  of  model  calculations  on  both 
neutral  and  charged  AHCs.  Thirdly,  quite  extensive  information  is  available 
on  electron-alkali  cation  (Jf")  and  electron-halide  anion  (J~)  interactions. 
The  structure,  energetics  and  dynamics  of  e-AHC  have  been  explored  using 
the  quantum  path  integral  molecular-dynamics  (QUPID)  method.  This 
approach,  which  rests  on  a  discrete  version  of  Feynman’s  path  integral 
method  [70-76],  provides  a  powerful  method  for  the  study  of  these  systems. 
In  this  scheme  the  quantum  problem  is  isomorphic  to  an  appropriate  classical 
problem,  with  the  excess  electron  being  mapped  onto  a  closed  flexible  polymer 
of  P  points.  The  isomorphism  becomes  exact  as  P  ->■  oo.  The  practical 
applicability  of  the  computational  method  rests  on  the  development  of  numer¬ 
ical  algorithms,  which  achieve  convergence  with  manageable  values  of  P. 
From  the  point  of  view  of  general  methodology,  the  QUPID  method  rests 
on  the  application  of  computers  for  the  simulations  of  the  properties  of  complex 
systems.  The  general  philosophy  underlying  such  an  approach  was  initiated 
thirty  years  ago  by  Fekih,  Ulam  and  Pasta  [77]  with  the  advent  of  the  first 
generation  of  computers,' when  Febjd  suggested  to  employ  computers  for  the 
exploration  of  the  dynamics  of  nonlinear  systems.  A  recent  seminal  accom¬ 
plishment  of  these  techniques  involves  the  applications  of  renormalization 
group  theory  to  condensed-matter  and  particle  physics  [78]. 

The  QUPID  method  was  applied  to  a  system  of  an  electron  interacting 
with  an  AHC,  which  is  specified  by  the  Hamiltonian 

(6.3)  H  =  -  (*V2w)  V*  -f  7.{r) , 

with  7,(r)  being  the  e-AHC  potential.  The  partition  fimction  for  such  a 
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system  is 

(6.4)  Z  =  TT[expi-pH]], 

where  ^  =  1  IkT  is  the  inverse  temperature,  while  the  energy  of  the  system  is 

(6.6)  JB=-^lnZ. 

The  quantum-meehanical  classical  isomorphism  is  established  by  the  factor¬ 
ization  of  the  partition  function 

(6.6)  Z  =  Tr  [exp  [-  /P]]' . 

By  inserting  P  complete  sets  of  states,  one  obtains  the  formally  exact  result 

(6.7)  Z  =  fdr, ...  dr,  <r.|exp [- /?H/P]|r.>  ...  <r,|exp  [-^H/P]|r,>  . 

To  proceed  further,  one  can  invoke  the  high-temperature,  i.e.  smaU  ^/P, 
expansion  for  the  matrix  elements 

(6.8)  <r.|eip  [- /JH/P]|rt>  (PW2n*V)*  ’ 

•exp  t-  Pm(r,  -  r,)*/2**^]  exp  [-  ^F,(ri)  +  r,(r,)]/2P]  , 

which  constitutes  a  product  of  a  free-particle  propagator  at  pjP  and  a  potential- 
energy  contribution.  From  eqs.  (6.7)  and  (6.8)  one  obtains  for  Z  the  approxi¬ 
mate  expression 

(6.9)  Z  CJ  (Pi»/2»ift‘/?)*"*Jdr, ...  dr,  exp  [-  ...  r,)] , 

where  the  effective  potential  is 

p  r  Pm  X'  1  1 

(fl.io)  F.„  =  2  +  p  . 

consisting  of  a  superposition  of  a  harmonic  potential  and  the  cluster  poten¬ 
tial.  We  note  in  passing  that,  when  the  thermal  wavelength 

(6.11)  ir  =  (/>**/»»)* 

is  considerably  smaller  than  any  relevant  length  scale,  the  Gaussian  factors 
in  eqs.  (6.8)  and  (6.9)  reduce  to  a  delta-function,  whereupon  the  classical 
description  of  the  system  is  regained. 
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Equations  (6.9)  and  (6.10)  estabiish  an  approximate  isomorphism  between 
the  quantum  problem  characterized  by  the  Hamiltonian  H,  eq.  (6.3),  and 
the  classical  problem  defined  by  the  effective  potential,  eq.  (6.10).  In  this 
isomorphism  the  quantum  particle  is  mapped  onto  a  closed  polymer,  which 
is  also  referred  to  as  a  necklace,  of  P  pseudoparticles  (beads).  Bach  point 
of  the  necklace  exerts  two  types  of  interactions  (fig.  14),  that  is,  i)  nearest- 


Fig.  14.  -  A  schematic  representation  of  the  electron  necklace;  harmonic  pseudo¬ 
interactions,  - contributions  to  e-AHC  potential,  o  classical  ions,  •  points  of 

necklace. 


neighbour  interactions  between  the  beads  in  the  chain,  which  are  chatacterized 
by  a  harmonic  iwtential  with  a  force  constant  and  ii)  interactions 

with  the  AHC  through  the  scaled  potential  F,(r)/P. 

At  this  stage  it  will  be  convenient  to  provide  an  explicit  description  of  the 
e-AHC  system.  The  AHC,  which  is  treated  as  a  classical  system,  consists 
of  K  ions  {Ni  cations  and  Jf,  anions)  with  masses  Mi  and  Mt,  respectively. 
The  interionic  potential  within  the  AHC  is 

with  the  interionic  potential  <P,^(P„)  being  given  by  the  Born-Meyer  poten¬ 
tial  [79].  The  e-AHC  potential  is 

(«-l3)  y.(r)^l9.Ar~R,), 

A  _  f 

consisting  of  a  sum  of  electron-ion  potentials,  which  are  described  by  a  purely 
repulsive  pseudopotential 

(6.14)  =  eVr 

for  electron-anion  interaction  and  by  the  local  pseudopotential  [80] 

=  -  «V-B, ,  r<R„ 

-  e*lr  ,  r>B„ 


(6.16) 
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for  tho  electron- cation  interactions.  The  average  energy  of  the  system  is  now 
given  from  eqs.  (6.6)  and  (6.9)  in  the  explicit  form  [73] 

(6.16)  H  =  32fl2fi  +  <r^>  +  KB  +  i>-*  (i  7.(r,))  . 

'<-1  ' 

The  first  two  terms  in  eq.  (8.16)  correspond  to  the  kinetic  and  potential 
energies  of  the  classical  AHC  system,  respectively.  The  electron  kinetic 
energy  is  [75] 

(6.17)  KE  =  3/2/?  +  i  <ar.(r,)/er,-  (r,  -  r,)>/2P , 

consisting  of  a  free-particle  term,  3/2/S,  and  the  contribution,  from  the 
interaction  with  the  ions  [76].  The  indicated  statistical  averages  <  >  are  over 
the  Boltzmann  distributions  as  defined  in  eq.  (6.9).  This  formalism  is  con¬ 
verted  into  a  numerical  algorithm  by  noting  [76]  the  equivalence  of  the  sampling 
described  above  to  that  over  phase-space  trajectories  generated  via  molecular 
dynamics  by  the  classical  Hamiltonian 

(6.18)  H  =  i  <n*r;/2  +  2  + 

/-X 

+  i  [Pm(r,-r^,)*/2/l*^*  +  7.(r,)/P]  +  , 

the  mass  m*  being  arbitrary  [76]  and  taken  as  m*  =  1  a.m.u. 

Numerical  simulations  were  performed  for  an  electron  interacting  with 
sodium  chloride  clusters.  Based  upon  the  examination  of  the  stabUitj  of  the 
variance  of  the  kinetic-energy  contribution  the  number  of  ♦electron 

beads  »  was  taken  as  P  =  399.  Employing  an  integration  step  of  At  =  1.03- 
•l0~‘*s,  long  equilibration  runs  were  performed  ((l-r2)-10‘ At).  The  reported 
results  were  obtained  via  averaging  over  8- 10*  At  following  equilibration.  The 
temperature  of  the  system  was  T  =  300  K.  The  electron-cation  pseudopoten¬ 
tial  parameters  were  varied  by  changing  the  cut-off  radius  P,  in  eq.  (6.16). 
A  typical  value  chosen  for  Na^  was  B,  =  3:^2  a,  [69].  Weaker  electron-cation 
interactions,  which  are  appropriate  for  heavieP  cations,  were  mimickr-d  by 
increasing  the  value  of  P,. 

Structural  [9]  and  classical  molecular-dynamics  [10]  calculations  hare 
established  that,  when  the  size  of  the  ionic  cluster  increases  (P>20),  the  NaCl 
crystallographic  arrangement  is  energetically  preferred  even  if  the  number 
of  positive  and  negative  ions  is  not  equal.  We  have  chosen  [69]  to  study  first 
the  interaction  of  an  electron  with  the  positive  clusters  [Na,,  Clj,]*  and 
[Nai4  Cli,]++,  which  exhibit  the  crystallogiaphic  structure  without  and  with 
a  vacancy,  respectively  (fig.  15),  and  which  are  characterized  by  a  pronounced 
energetic  stability.  In  fig.  16  and  17  we  present  our  results  for  the  equilibrium 
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Fig.  15.  -  Configurations  of  some  small  and  large  NaCl  cltisters  to  which  an  excess 
electron  was  attached  (ref.  [9, 10]):  a)  Na,Cl|,  6)  NaijCl^,,  c)  NajjClJ^.  The  numbers 
refer  to  the  ground-state  energies  in  eV  units. 


© 


Fig.  16.  -  Ionic  configurations  and  « electron  necklace  >  distributions  for  an  excess 
electron  interacting  with  a  Naj^Cl^  cluster  {B,  =  3.22  a.u.).  Small  and  large  spheres 
correspond  to  Na'*'  and  Cl~  ions,  respectively.  Dots  represent  2-D  projection  of  the 
«  electron  beads  ».  Note  electron  localization  in  an  anion  vacancy  (ref.  [60]). 
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Fig.  17.  -  Ionic  configuration  and  « electron  necklace  •  distribution  for  an  ezceas 
electron  interacting  with  Nai^Cl^  cluster  (B,  =  3.22  a.u.).  Note  electron  localisation 
in  a  (compact)  surface  state  (ref.  [60]). 

charge  distribation  obtained  [69]  from  two-dimensional  projections  of  the 
necklace  edge  points,  and  for  the  nuclear  configuration  of  the  clusters.  The 
energetics  of  these  systems  are  summarized  in  table  VT,  where  the  electron 
affinity,  of  the  cluster 

(6.19) 

is  obtained  by  summing  the  electron  binding  energy 

(6.20)  B;=  3/2^  +  +  P->  i  <7.(r,)> 

and  the  cluster  reorganization  energy 

X' 

(6.21)  J^.=  <^SH0>-<^A-0>.- 

where  is  the  potential  energy  of  the  « bare »  AHC  in  the  absence  of 

the  electron.  As  is  apparent  from  fig.  16,  the  [Na„Cl„l++  cluster  stabilizes 
an  internally  localized  excess  electron  state.  The  features  of  internal  electron 
localization  are: 

1)  It  occurs  in  a  moderately  large  cluster. 

2)  An  anion  vacancy  is  required. 
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Table  VI.  -  Average  egyuUhrium,  tempenUure  «T»,  interionio  cihuter  potential  energy 
«^AHo»*  eleetron  interaeUon  iinetie  energy  ^eetron  Jnnetie  energy  KE  =  3/2/3  + 

+  e-AHC  interaetion  potential  energy  «T,»,  eleetron  binding  {S^),  elnster  reorganiea- 
tion  energy  (£,),  electron  affinity  of  clutter  (E^)  and  Cartesian  components  of  the  *  electron 
neektaoe*  gyration  radii  (E\,  R\,  E\).  Atomic  units  are  used  (energy  in  hartree, 
length  in  Bohr  radii).  Variances  are  giTon  in  parentheses. 


<T> 

(•10*) 

(•io») 

KE 

<o 

e-[NauCl.J*- 
B.  »  3.22 

0.983 

(0.036) 

-  3.4866 

6.4196 

(0.633) 

0.0667 

-  0.2261 

R,  =>  3.22 

-  3.2372 

7.2203 

(0.767) 

0.0736 

-  0.3226 

«-[N«,CU+ 

B,  3.22 

0.960 

(0.132) 

-  1.0069 

2.6389 

(0.682) 

0.0278 

-  0.3012 

e-[Na,C!lJ+ 

B.  =>  4.36 

0.946 

(0.038) 

-  1.0483 

3.6463 

(0.601) 

0.0369 

-  0.1876 

b; 

s. 

K 

e-[Na,4Clul+ 

B,  =  3.22 

-  0.1694 

0.1066 

-  0.0639 

6.4 

7.0 

9.8 

e-[N*i4Clu}« 

B.^  3.22 

-  0.2490 

0.0799 

-  0.1691 

4.6 

6.8 

6.3 

e.[NHClJ+ 

B,  =  3.22 

-  0.2734 

0.0940 

-  0.1794 

2.2 

2.0 

2.6 

e-[Na,Caj* 

4.36 

-  0.1608 

0.0616 

-  0.0992 

6.7 

7.2 

6.6 

3)  The  localized  electron  state  is  surrounded  by  Na'*'  ions  in  an  octa¬ 
hedral  configuration  and  by  twelve  Gl~  ions. 

4)  The  ionic  co(^guration  is  somewhat  distorted. 

%  ^ 

6)  The  gain  in  exceeds  the  loss  in  t.e.  -f  B,<  0,  which  favours 
localization. 

6)  The  total  energy  of  e-fNav,  Cl,,}*+  is  close  to  that  of  [Nan  CluJ*-, 
whereupon  the  electron  (internal)  binding  energy  in  the  cluster  is  similar  to 
that  of  a  negative  ion. 

7)  These  results  establish  the  dominance  of  short-ran^e  attractive  inter¬ 
actions  for  internal  electron  localization. 

8)  A  measure  of  the  spatial  extent  of  the  localized  electron  is  given  by 
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the  gyration  radius  of  the  electron  necklace 
(6.22)  =  (1/2  P*)  (2  2  (r,  -  r,)*) 

it  ' 

whose  oomiwnents  (table  VI)  assume  the  values  (6-rlO)a2.  The  thermal 
wavelength  of  a  free  electron  at  P  =  300  K  is  P,  =  66  Ot.  Accordingly,  for 
the  internal  excess  electron  state  Sc  S^,  demonstrating  enhanced  localiza¬ 
tion. 

A  drastically  different  localization  mode  is  obtained  in  the  [NauCluT*' 
system  (fig.  17),  where  a  novel  surface  state  is  exhibited.  We  refer  [69]  to 
this  state  as  a  cluster  surface  localized  state.  Such  surface  states  were  considered 
for  macroscopic  alkali  halide  crystals  by  TAiot  [81]  about  fifty  years  ago,  but 
were  never  experimentally  documented.  The  characteristics  of  external  local¬ 
ization  of  an  electron  on  a  NaGl  cluster  are: 

a)  It  is  exhibited  in  a  vacancy-free  moderately  large  AHC. 

b)  In  such  an  AHC  internal  localization  is  prohibited  by  a  large  value 
of  E,. 

e)  The  excess  electron  in  [Nai4  Glu}^  localizes  around  Na'r  surface  ions 
leaving  a  neutral  NauGlu  cluster  interacting  with  a  partially  neutralized 
Na  atom. 

d)In  this  system  a  surface  localized  electron  state  is  exhibited. 

«)  For  clusters  containing  heavier  M*  ions,  the  surface  state  will  become 
more  extended. 

/)  The  excess  electron  surface  state  is  expected  to  be  exhibited  also  in 
moderately  large  neutral  AHGs. 

In  smaller  clusters  novel  effects  of  dissociative  electron  attachment  and 
cluster  isomerization  induced  by  electron  localization  were  manifested  [69]. 
We  have  studied  the  smallest  single  ionized  cluster  exhibiting  high  stability, 
i.e.  [Na,  Gl«]+,  for  which  the  lowest-ene^  configuration  is  planar  with  four 
Na-*-  ions  at  the  corners  and  one  at  the  ceiure  of  an  approximate  square  (fig.  15). 
This  cluster  possesses  an  isomeric  structure  (less  stable  by  0.014  a.u.)  in  which 
the  ions  are  arranged  in  a  distorted  pyramidal  configuration  [9, 10].  Adding 
an  electron  to  the  planar  ground  state,  the  configuration  of  [Na,  Gl,}^  (with 
the  Na'*’  pseudopotential  being  characterized  by  JZ,  =  3.22  a,)  transforms 
the  system  into  a  neutral  [Na,  Gl«]  cluster  'with  a  planar  ring  structure  and  a 
dissociated  neutral  Na  atom  (table  VI  and  fig.  18)  corresponding  to  the  initial- 
and  final-state  configurations,  respectively.  To  demonstrate  that  this  process 
is  driven  by  the  localization  of  e  around  a  single  Na'*  ion,  we  have  decreased 
the  cation-electron  binding  strength,  taking  P,  4.36  a,  [69].  In  this  case. 
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Fig.  18.  -  looio  eonflguratioa  and  « electron  necklace  >  distribution  for  an  excess 
electron  interacting  with  NsiCl^  cluster  and  resulting  in  dissooiatioD  detachment 
(ref.  [69]). 


extreme  localization  is  not  sufficiently  counterbalanced  by  e-binding.  Instead, 
the  planar  structure  transforms  to  the  isomeric  pyramidal  configuration  with 
the  electron  localized  as  a  diffuse  cloud  about  the  tip  of  the  pyramid  (fig.  19). 
Electron  localization  accomx>anied  by  structural  isomerization  will  contitute 
a  preyalent  phenomenon  lor  AHC  with  smaller  e-cation  binding  energy,  i.e. 
the  heayier  alkali  n^etals.  In  yiew  of  the  intimate  interrelationship  between 
structural  isomerizatioit  and  melting  of  clusters,  it  will  be  interesting  to  explore 
the  melting  of  such  finite  systems  induced  by  electron  localization.  To  sum¬ 
marize,  recent  QUPID  calculations  [69]  establish  four  modes  of  localization 
of  an  excess  electron  in  AHC;  i)  An  JF-oentre  defect  with  the  excess  electron 
replacing  an  internal  halide  ion.  ii)  A  new  surface  state,  i.e.  a  « surface  F- 
centre  »  of  the  excess  electron,  iii)  Dissodatiye  electron  attachment  to  AHC 
resulting  in  the  formation  of  an  t  isolated  »  alkali  atom,  iy)  Structural  isomer¬ 
ization  induced  by  electron  attachment.  These  calculatims  [69]  established 
the  compositional,  structural  and  size  dependence  of  these  yarious  localiza¬ 
tion  mechanisms  in  these  interesting  systems. 
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Fig.  19.  -  Ionic  configuration  and  <  electron  necklace  >  distribution  for  an  excess 
electron  interacting  with  a  model  Na^ClJ'  cluster  with  £,  =:  4.36  a.n.  Electron  attach¬ 
ment  results  in  cluster  isomerisation  (ref.  [69]). 


7.  -  Dynamic  prooeasea  in  cinatera. 

From  the  foregoing  study  of  the  dissociation  and  isomerization  of  small 
alkali  halide  clusters  (AHCs)  induced  by  electron  attachment,  some  interesting 
information  has  emerged  regarding  dynan^c  processes  in  microclusters.  How¬ 
ever,  this  energetic  and  structural  information  pertainB  to  the  behaviour  of 
the  system  at  ( -»-  oo.  In  other  words,  these  tame-independent  data  provide 
information  on  the  decay  channels  of  these  systems.  Of  considerable  interest 
is  the  temporal  dynamics  in  clusters,  which  will  provide  the  time  scales  for 
various  processes  of  energy  storage  and  disposal  in  these  systems.  In  this 
context,  an  important  issue  involves  the  dynamic  consequences  of  vibrational 
excitation  of  microclusters.  Such  relaxation  processes  fall  into  two  categories ; 
i)  nonreactive  relaxation,  which  docs  not  result  in  dissociation,  and  ii)  reactive 
dissociative  relaxation.  In  what  follows  we  shall  consider  some  reactive 
relaxation  processes  in  vibrationally  excited  Van  der  Waals  and  hydrogen- 
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bonded  microclnsterB.  The  mechanism  of  vibrational-energy  acquisition  by 
the  microcluster  can  involve  collisional  excitation,  optical  photosclcctive 
vibrational  excitation  or  degradation  of  electronic  energy  into  vibrational 
energy.  The  following  processes  are  of  interest. 

Tl.  Vibrational  predUtooiation  (VP) 

(7.1) 

Relevant  information  originates  from  molecular-dynamics  computer  simula¬ 
tions  for  At,  (n  =  4-r6)  clusters  [82]  and  from  experimental  molecular-beam 
studies  of  hydrogen -bonded  (HP),  (n  =  2^6)  and  (H,0)  («  =  2-r6)  clusters  [83], 
The  numerical  results  for  classical  trajectory  calculations  of  Ar,  (n  =  4-r6) 
microclnsters  can  be  accounted  for  in  terms  of  the  statistical  theory  of  uni- 
molecular  reactions,  which  implies  the  occurrence  of  complete  vibrational- 
energy  redistribution  [84].  The  dependence  of  the  VP  rates,  le,  on  the  excess 
vibrational  energy  can  quantitatively  be  fitted  by  the  classical  BBK  for¬ 
mula  [85] 

(7.2) 

where  J5,  is  the  threshold  energy,  the  pre-exponential  factor  A  =  (10>*-rl0‘*)  S"* 
corresponds  to  a  vibrational  frequency  of  an  ordinary  vibration,  while  the 
number  of  vibrational  degrees  of  freedom  is  *  =  3n  —  6  [82].  This  analysis 
of  the  VP  dynamics  of  Ar,  (n  =  4-t-6)  clusters  in  terms  of  a  statistical  theory 
is  of  considerable  interest  because  of  two  reasons.  Firstly,  vibrational-energy 
randomization  presumably  occurs  in  small  Ar,  clusters.  Secondly,  the  quanti¬ 
tative  fit  of  the  VP  dynamics  in  terms  of  the  'classical  BKK  theory  with  the 
exact  value  of  s  is  unique.  The  experimental  data  for  hydrogen-bonded  micro- 
clusters  [83]  yield  a  lower  limit  for  the  VP  rate  fc  >  10*  s“*  at  tv  3000  cm-* 
and  do  not  as  yet  provide  information  on  the  interesting  issue  of  intramolecular 
vibrational-energy  redistribution  and  the  applicability  of  statistical  theories 
in  these  clusters,  x. 

7'2.  Vibrational  preditooeiaHon  induced  by  eteeiion  trapping.  -  Electronic 
excitation  of  a  rare-gas  cluster,  results  in  an  exciton  state,  which  sub¬ 
sequently  becomes  trapped  by  self-localization.  The  details  of  the  energetics 
and  the  spatial  charge  distribution  of  excitons  in  finite  rare-gas  clusters  (BGC) 
have  not  yet  been  explored.  Nevertheless,  the  two  lowest  « intermediate » 
exciton  states  in  BGC  can  adequately  be  described  in  terms  of  tightly  bound 
Frenkel-type  excitation  with  a  parentage  in  the  ‘N,  'P,  and  >S,  ->  ‘P, 

atomic  excitations,  which  are  modified  by  large  nonorthogonality  correc¬ 
tions  [86].  The  energetic  separation  between  these  two  excitons  corresponds 
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to  the  spin-orbit  splitting  [SO].  This  description  of  the  electronic  excitations 
rests  on  a  decidedly  molecular  description.  An  analogous  naolecular  point 
of  view  [86]  is  adopted  for  the  description  of  exciton  trapping  in  B6C.  The 
process  of  exciton  trapping  in  the  heavy  BGC  of  Ar,  Kr  and  Xe  involves  the 
formation  of  the  diatomic  excimer  molecule  at  a  highly  vibrational  state. 
The  energetics  of  molecules  is  summarised  in  table  VII.  These  diatomic 


Tabls  VII.  -  Energetie  parametert  and  band  dittaneet  for  the  heavy  rare-got  excimert 
(ref.  [4fi]). 


r,  (1) 

D,  (eV) 

At 

2.42 

0.08 

Xe 

3.04 

0.79 

molecules  are  characterized  by  substantial  binding  energies  at  short  inter- 
nuclear  distances  (flg.  20).  Energy  exchange  between  the  Bf  excimer  and  the 
cluster  in  which  it  is  embedded  involves  two  processes. 


Fig.  20.  -  Potential  curve  fox  the  formation  of  electronically  excited  diatomic 
rare-gaa  molecule. 

V 

1)  Short-range  repulsive  interactions  between  the  expanded,  Bydberg- 
type  excited  state  of  the  excimer  and  the  other  cluster  atoms  result  in  a  dila- 
tdon  of  the  local  structure  around  the  excimer,  leading  to  energy  flow  into 
the  cluster. 

2)  Vibrational  relaxation  of  the  excimer  induces  vibrational-energy  flow 
into  the  duster. 

The  vibrational  energy  released  into  the  cluster  by  processes  1)  and  2) 
may  result  in  vibrational  predissociation. 
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No  experimental  information  is  currently  available  concerning  the  dynamic 
implications  of  exciton  trapping  in  RQC.  We  have  conducted  [87]  classical 
molecular-dynamics  calculations  on  electronically  excited  states  of  such  clus¬ 
ters,  which  constitute  an  application  of  this  technique  for  the  dynamics  of 
electronically  excited  states.  As  a  model  system  we  have  chosen  the  Atu 
cluster  (fig.  1),  which  in  its  ground  state  is  characterized  by  Lennard-Jones 
pair  potentials,  specified  by  the  energy  s  and  distance  <t.  To  achieve  an  elec¬ 
tronic  excitation  (at  t  =  0)  within  the  framework  of  the  classical  description, 
the  nuclear  configuration  is  frozen  as  is  appropriate  for  the  ground  electronic 
state  (fig.  21).  The  electronic  excitation  is  characterized  by  switching  on  at 


Fig.  21.  -  An  artist’s  view  of  the  electronic  excitation  of  an  ezcimer  in  the  (Ar)^ 
clnster. 


f  =  0  the  molecularxexcimer  potential,  charaterized  by  the  parameters  of 
table  VII,  between  a  pair  of  atoms.  We  have  adopted  a  local  picture,  dis¬ 
regarding  the  effects  of  electronic  energy  transfer  within  the  cluster.  Another 
important  consequence  of  the  electronic  excitation  involves  the  intermolecular 
I>otential  between  the  exdmer  and  the  ground-state  atoms.  This  excimer- 
cluster  potential  has  been  described  in  terms  of  atom-atom  potentials.  On 
the  basis  of  the  analysis  of  Xe*-Ar  interactions  [88],  the  Ar*-Ar  potential 
for  each  of  the  constituents  of  the  excimer  has  been  described  in  terms  of  a 
Lennard-Jones  potential  with  the  parameters  e*  and  j*.  We  have  taken  for 
the  energy  s*  =  s,  while  the  distance  scale  ratio  a  =  a*la  has  been  chosen 
in  the  range  9  =  l.O-r-1.2  [88],  reflecting  the  enhancement  of  short-range 
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Fig-  23.  -  Time  dependence  of  interatomic  distance#  between  ground-state  atoms 
in  the  electronically  excited  (Ar)u  cluster  (d  =  1.2).  Note  the  monotonic  increase  in 
the  diatauoee  (ref.  [87])y  ^  _ 


the  persistence  of  the  vibrational  excitation  of  the  excimer  over  a  long  time 
scale.  This  situation  corresponds  to  a  s  mode  selective  s  excitation  of  the  local 
motion  of  the  excimer,  with  vibrational-eneigy  redistribution  being  precluded 
by  two  effects.  First,  the  difference  in  the  characteristic  frequendes  of  the 
(high-frequency)  dimer  motion  and  the  (low-frequency)  motion  of  the  cluster. 
Second,  the  local  dilation  of  the  cluster  structure  around  the  excimer,  which 
is  induced  by  the  short-range  exdmer-cluster  repulsive  interactions.  The  vibra¬ 
tional-energy  flow  from  the  dimer  into  the  cluster  (flg.  25)  consists  of  two 
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Fig.  24.  -  Time  dependence  of  the  potential  energy  (P£),  the  kinetic  energy  (KE) 
and  the  total  energy  (TE)  of  the  excimer  in  (Ar)u  (d  =  1.20).  Data  from  ref.  [87]). 

X 

utagen.  i)  Ultrafast  energy  transfer  due  to  repulsion,  which  occurs  on  the  time 
scale  of  200  fs.  This  energy  transfer  process  is  dominated  by  the  magnitude 
of  the  scale  parameter  d.  ii)  «  Slow  >  energy  trasfer  on  the  time  scale  of  tens 
of  picoseconds  (for  <f  =  i,2)  and  hundreds  of  picoseconds  (for  a  =  1.0)  due 
to  Tibrational  relaxation  of  the  excimer.  The  dynamics  of  the  cluster  induced 
by  these  energy  transfer  processes  inyolves  reactive  vibrational  predissocia- 
tion.  This  state  of  affairs  is,  of  course,  drastically  different  from  that  encoun¬ 
tered  in  infinite  systems,  where  a  nonreactive  process  prevails  when  the  phonon 
modes  of  the  system  are  excited.  Figure  26  shows  model  calculations  (with 
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Fig.  26.  -  Time  dependence  of  total  energy  of  the  eicimer  in  {Ar)u  (d  =  1.20).  Data 
from  ref.  [87]. 


time  (ps) 

Fig.  26.  -  The  time  evolntion  ot  the  fragmentation  of  the  electronically  excited  (Ar),. 
cluster  (d—  1.20).  Note  the  sequential  t  eyaporation  t  of  single  Ar  atoms. 
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a  =  1.2)  for  the  dissociative  dynamics  of  the  Atj,  following  excimer  formation. 
Two  reactive  processes  were  observed:  iii)  A  fast  stepwise  « evaporation »  of 
Ar  atoms  is  exhibited  on  the  time  scale  of  (0.8-r4)  ps.  This  process  is  induced 
by  the  energy  transfer  process  i).  Subsequently,  an  additional  reactive  process 
appears  (flg.  26) :  iv)  slower  vibrational  predissociation  of  Ar  atoms  on  the  time 
scale  of  >  10  ps.  This  dissociation  is  induced  by  both  energy  transfer  processes 
i)  and  ii).  It  is  imi)erative  to  note  that  the  short-time  « explosion*  of  the 
electronically  excited  cluster  is  induced  by  energy  transfer  due  to  short-range 
repulsive  interactions.  When  these  interactions  are  switched  off  by  taking 
5  =  1.00,  only  mechanism  ii)  is  operative  for  vibrational-energy  flow  into  the 
cluster  and  the  cluster  dissociation  process,  which  again  occurs  by  stepwise 
«  evaporation  »,  occurring  on  the  time  scale  of  ~  (30-M000)  ps.  The  appro¬ 
priate  excited-state  repulsive  physical  parameter  characterizing  excimer- 
cluster  interactions  in  EGC  is  5  =  1.10-^1.20,  and  we  expect  the  occurrence 
of  energy  flow  predissociation  induced  by  excited-state  repulsive  interactions 
to  occur  on  the  time  scale  of  (1-^20)  ps.  We  conclude  this  analysis  of  molec¬ 
ular  dynamics  in  electronically  excited  states  of  EGC  with  several  words  of 
wisdom.  Firstly,  a  new  mechanism  of  vibrational-energy  flow  Induced  by 
short-range  repulsions  has  been  documented.  This  mechanism  will  be  of 
considerable  imimrtance  for  energy  exchange  between  any  extravalence  (Eyd- 
berg)  excitation  and  a  cluster.  Seeondly,  in  small  (n  =  13)  clusters  the  con¬ 
sequences  of  vibrational-energy  flow  into  the  cluster  involve  a  reactive  dissocia¬ 
tive  process.  It  will  be  extremely  interesting  to  increase  the  cluster  size  to 
estabhsh  the  « transition  *  from  reactive  vibrational  predissociation  and  «non- 
reactive »  vibrational  excitation  of  the  cluster  modes.  Thirdly,  the  small 
Ar„Ar*  electronically  excited  cluster  provides  an  example  of  a  system  where 
« statistical »  vibrational-energy  redistribution  did  not  occur.  The  « mode 
selective »  excitation  of  the  excimer  in  the  cluster  constitutes  a  nice  example 
for  the  violation  of  vibrational-energy  equipartitioning  in  a  large  system. 

7'3.  Fusion  of  mioroclusters.  -  It  was  suggested  by  Compton  [89]  that  dis¬ 
sociation  of  some  hydrogen-bonded  microclusters  may  result  in  ionic  species. 
The  process  considered  involved  the  fission  Mf  (H,0),  microclusters: 

(7.3)  (H,0).  "-•'-**"-^*1.  (H.O):  -2=!^  H+(H.  O),  +  OH-(H,0), , 

p  +q  +  1  =  n. 

Using  thermochemical  data,  Compton  [89]  was  able  to  estimate  the  minimum 
energy,  E,  required  for  symmetric  fission,  i.c  p  =  q.  From  the  data  summarized 
in  fig.  27,  it  is  apparent  that  this  minimum  energy  is  drastically  reduced  with 
increasing  cluster  size.  Nevertheless,  even  for  fairly  large  clusters,  this  energy 
is  substantial  {E^3.9ey  for  (H(O)u)  and  very  high  vibrational  overtones 
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Fig.  27.  -  EBtimatM  of  the  energy  required  for  the  eymmetrio  flaeion  of  (H|0).  clusters ; 
(H,0);  -►  H+(Hg0),+  (0H-)(H,0),5  2P  +  1  =  *•  !>**»  fro™  [8»]. 

have  to  be  excited  in  order  to  make  this  cluster  fission  process  amenable  to 
experimental  observation.  The  macroscopic  analogue  of  this  interesting  cluster 
fission  process  involves  the  ionic  photodissociation  in  liquid  water,  which  has 
been  recorded  experimentally  and  which  has  an  onset  at  eV  [90]. 

Dielectric  screening  of  the  Coulomb  interactions,  which  prevail  in  the  liquid, 
provides  an  additional  contribution  to  the  lowering  of  the  threshold  energy. 
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